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 Over a dozen komatiitic flows in the 3.2-3.5 Ga Barberton Greenstone Belt are topped 
with unique green silica- and carbonate-rich rocks, which likely formed from interaction of the 
cooling lava flow with seawater shortly after deposition. This study focuses on an alteration 
zone in the Mendon Formation. Two styles of alteration are observed in this alteration zone: 
silicification and carbonation. The goal of this study is to characterize the carbonates in the 
alteration zone, constrain the timing of alteration, test whether the alteration zones are due to 
interaction with seawater after deposition, and estimate the elemental fluxes between the rock 
and the altering fluid. If the zones of silica and carbonate rich rocks are alteration zones due to 
near-surface interaction with seawater, then studying them will provide constraints on Archean 
near-surface environments. 
 Cross-cutting relations indicate that after eruption of the komatiitic lava, 
serpentinization then wholesale replacement of the komatiite by quartz, carbonate, and 
Cr-muscovite took place before quartz and carbonate veins formed. After vein formation, a 
sedimentary chert cap was deposited and vertical black chert dikes were emplaced. Carbonates 
in the alteration zone are compositionally and isotopically homogeneous in veins and the host 
rock. They are ferroan dolomites, Ca1.0Mg0.7Fe0.3(CO3)2 with δ18O ~20‰ and δ13C ~2‰. The 
chemical and isotopic homogeneity of the carbonates suggests that they formed in equilibrium 
with a large aqueous reservoir, probably seawater. Using the isotopic composition of the 
carbonates within the samples, a seawater of ~86°C is calculated.  
1 
Chapter 1. Introduction 
 
 There are a number of unique green silica- and carbonate-rich rocks interlayered 
within ultramafic lava flows in the Barberton Greenstone Belt (Viljoen and Viljoen, 
1969). Historically, these rocks have been interpreted variably as felsic volcanics, shear 
zones along thrust faults, post-depositional hydrothermal zones, and weathering horizons 
(Viljoen and Viljoen, 1969; Anhaeusser, 1973; deWit, 1982; deWit, et al., 1982; Pearton, 
1982; Lowe, et al., 1985). Currently, the rocks are considered to be ultramafic lavas that 
have undergone alteration due to syndepositional seawater – rock interaction (Lowe and 
Byerly, 1986; Duchač and Hanor, 1987, Hanor and Duchač, 1990). If these rocks can be 
demonstrated to be products of syndepositional alteration due to interaction between 
Archean ultramafic rocks and Archean seawater, then inferences can be made about the 
nature of Archean surface environments. 
 These unique zones are made up of green rocks with a banded appearance. The 
rocks are rich in silica and carbonate, and contain fibrous silica-carbonate veins and 
stylolites, both of which are parallel to the apparent bedding plane. Several interpretations 
have been proposed to explain the features of flow-top alteration zones. Interpretations 
include altered tuffs (Viljoen and Viljoen, 1969; Anhaeusser, 1973), shear zones along 
faults (deWit, 1982; deWit, et al., 1982), zones of hydrothermal alteration 
(Pearton, 1982), or weathering horizons (Lowe, et al., 1985). These are not likely tuffs, as 
they contain original igneous textures indicating they were originally flows (Lowe and 
Byerly, 1986). It is also unlikely that these zones represent fault shearing. The alteration 
zone is cut locally by faults, and there is some shearing along these faults, but there is no 
evidence for shearing throughout the rest of the alteration zone. In addition, the alteration 
zones are not aligned with the strike and dip of any recognized fault traces. Igneous 
textures are preserved and unsheared (Lowe and Byerly, 1986). 
 The Barberton Greenstone Belt in South Africa formed over the interval 3.5 to 
3.2 Ga and is an excellent location to study these unique rocks, as it contains numerous 
zones in several formations in several well-exposed outcrops (Lowe and Byerly, 1999). 
Over a dozen of these flows (in the Hooggenoeg, Kromberg, Mendon, and Weltevreden 
Formations) are topped with zones of silica-potash and carbonate alteration that are 
2 
considered to be due to interaction with seawater shortly after deposition (Lowe and 
Byerly, 1986; Duchač and Hanor, 1987; Hanor and Duchač, 1990). However, Sm-Nd 
dating of carbonates within the alteration zones has yielded a much younger age, about 
2.7 Ga, leading to the suggestion that alteration was much later (Toulkeridis, et al., 1998). 
Understanding the age and origin of these carbonates is crucial to understanding the 
nature of the fluid circulating through the altering komatiites. This study will seek to 
determine the age and origin of the carbonates within the alteration zone. If this alteration 
is indeed due to interaction with seawater shortly after deposition, then further knowledge 
of the alteration zones should help constrain the composition of Archean seawater and 
allow inferences to be made about the composition of the Archean atmosphere. 
 Rocks that formed from carbonate alteration in the Mendon Formation in the 
Barberton Greenstone Belt are the primary focus of this study (Lowe and Byerly, 1986; 
Duchač and Hanor, 1987; Hanor and Duchač, 1990). This study will use carbonate-rich 
rocks from an alteration zone in the Barberton Greenstone Belt to aid in further 
constraining the nature of Archean surface environments by making field observations 
and using cross-cutting relations to describe the alteration products and infer the 
alteration processes, including making constraints on timing; determining the nature of 
the altering fluid using single mineral chemical and isotopic analyses of carbonate; 
making qualitative estimates of elemental mobility between the altering fluid and the rock 
using bulk rock chemical data and igneous chemical controls modeled using the MELTS 
algorithm. 
1.1. Possible Conditions of Archean Surface Environments 
The Archean is a time frame spanning a large amount of geologic time. The lower 
and upper limits of the Archean period are defined by fixed dates, 3.8 Ga and 2.5 Ga, 
coinciding with the age of the oldest preserved rock (best estimate of the solidification of 
the Earth’s surface) and the estimated rise of atmospheric oxygen, respectively 
(Gradstein, et al., 2004). There are several current hypotheses regarding Archean surface 
environments. Ultramafic volcanism was prevalent, often erupting as ultra-high 
temperature lava producing low-relief volcanic edifices (Lowe and Byerly, 1999). An 
atmosphere was present and evolved and was modified through volcanic outgassing, 
photochemical reactions, electrical discharges, and biotic effects. Modern volcanic gases 
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are highly oxidized and contain abundant H2O, CO2, SO2, and N2 (Kasting, 1993). 
Archean volcanic gases were probably intermediate in composition between modern 
oxidized gases and early reduced gases which were in equilibrium with metallic iron, 
such as H2, H2O, CO, H2S, and N2 (Holland, 1984). 
The sun is estimated to have been shining at about 75% of its current luminosity 
at about 4.0 Ga. While the Archean period is much later, 3.8-2.5 Ga, the sun can not yet 
be expected to have reached it current state. This faint young sun would have provided 
too little insolation to keep the globe above freezing temperatures. However, Archean 
metasediments and sedimentary rocks, such as cherts and chemical precipitates in 
Australia and South Africa (Knauth and Lowe, 1978; Holland, 1984; Byerly, et al., 1986; 
Duchač and Hanor, 1987; Veizer, et al., 1989a; Veizer, 1989b; Hanor and Duchač, 1990; 
Lowe, 1994; Sumner and Grotzinger, 1996; Sumner, 1997; Xie, 1997; Byerly, 1999; 
Lowe and Byerly, 1999; Rasmussen and Buick, 1999; Farquhar, et al., 2000; 
Hayes, 2002; Farquhar and Wing, 2003; Lowe and Byerly, 2003; Knauth and 
Lowe, 2003), indicate that liquid water was present (Sagan and Chyba, 1997) and the 
ocean appears to have been very warm, with a surface temperature estimated at up to 
70°C , based on oxygen isotopes from 3.5-3.2 Barberton cherts (Knauth and 
Lowe, 2003). The discrepancy between predicted freezing temperatures and evidence for 
temperatures that allow for liquid water is termed the Faint Young Sun Paradox. In order 
to offset the faint young sun, it has been proposed that there was a robust greenhouse 
climate in effect, with CO2 as the major greenhouse gas. While methane may also have 
been a major contributor, its role and relative abundance is still not fully understood 
(Sagan and Chyba, 1997; Pavlov et al, 2000; Caitling et al., 2001; Sleep, 2001; Lowe and 
Tice, 2004). 
 There is likely to be little to no free oxygen in Archean surface environments. 
Some Archean sedimentary rocks display mass-independent fractionation of sulfur 
isotopes. This mass-independent fractionation can only occur due to photochemical 
reactions which are triggered by ultraviolet radiation, which is shielded from the modern 
atmosphere by the ozone layer. Therefore, for mass-independent fractionation to occur, 
there could not have been an ozone layer, suggesting that the upper atmosphere was not 
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oxygenated because ozone forms from the complexation of free oxygen (Farquhar and 
Wing, 2003; Farquhar, et al., 2000). 
 Banded iron formations and multiple forms of large sparry calcite suggest a lack 
of oxygen dissolved in the ocean, as well as the lack of atmospheric O2 (Sumner and 
Grotzinger, 1996; Hayes, 2002). They also indicate a global dissolution of iron in the 
Archean ocean. Fe2+ is soluble in water, but its oxidized state, Fe3+, is not, suggesting that 
there was less dissolved oxygen available (Holland, 1984). The relative abundance of 
Fe2+ and lack of oxygen in the ocean during the Archean produced a style of carbonate 
precipitation that is very distinct from the modern ocean. As little as a few tens of µmol/L 
of Fe2+ could completely inhibit the calcite precipitation. In concentrations below that, 
nucleation of calcite is inhibited. Instead of producing micrite, like in the modern ocean, 
large sparry calcite crystals formed. This secular variation was due directly to the 
presence of Fe2+, which inhibits nucleation, and indirectly to widespread ocean anoxia 
(Sumner and Grotzinger, 1996; Sumner, 1997). Other evidence for an anoxic atmosphere 
includes detrital uraninite and pyrite in conglomerates in Australia and South Africa 
(Rasmussen and Buick, 1999). Reduced Archean paleosols and sediments, including 
detrital uraninite and pyrite also indicate widespread oceanic and atmospheric anoxia. 
Paleosols older than 2.4 Ga contain reduced constituents, indicating a lack of oxygenated 
atmosphere (Rye and Holland, 1998). There was minor free oxygen in the atmosphere 
until it rose dramatically at about 2.0 Ga (Kasting, 1993; Hayes, 2002; Sleep, 2001). 
 Life was present, in the form of stromatolites and other microbial mats. 
Stromatolites as old as 3.3 Ga have been described in the Onverwacht Group of the 
Barberton Greenstone Belt, in South Africa (Byerly, et al., 1986). These stromatolites are 
found at the top of the alteration zone that is the focus of this study. These stromatolites 
are evidence of the presence of filamentous microfossils, indicating that life was present 
in the Archean, occurring as microbial mats (Nisbet, 2000).  
1.2. Previous Studies 
Previous studies of the alteration zones have been conducted by Lowe and 
Byerly (1986), Duchač (1986), Duchač and Hanor (1987), and Hanor and Duchač (1990) 
and are outlined briefly. 
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Many flows in the Barberton Greenstone Belt, except those of the Komati 
Formation, are topped with alteration zones; all members within the Mendon Formation 
are topped with alteration zones (Lowe and Byerly, 1999). These alteration zones extend 
vertically for several tens of meters with alteration taking on two major styles: 
silicification and carbonation. Silicification is the alteration process in which the original 
rock is replaced with predominantly SiO2, and carbonation is the alteration process in 
which the original rock is replaced with predominantly carbonate. These zones are 
comprised of a host rock containing chlorite, Cr-muscovite, talc, carbonate, and chert, cut 
by quartz, chert, and carbonate veins. The majority of the veins area composed of 
crystalline quartz or carbonate, but others are composed of sedimentary chert. These 
veins are truncated by other veins and vertical black chert dikes, but are not offset (Lowe 
and Byerly, 1986).  
 Lowe and Byerly (1986) establish the komatiitic ancestry of the alteration zones 
and hypothesize that they formed due to low-temperature interaction of the cooling lava 
with seawater. Several lines of evidence indicate that these alteration zones are consistent 
with shallow water interaction, such as stromatolites in growth position and 
cross-stratified komatiitic debris and ash (Lowe and Byerly, 1986). Chert nodules can be 
found in the alteration zone (Lowe and Byerly, 1986); Duchač and Hanor (1987) describe 
the nodules at the base of several measured sections. The nodules resemble gypsum or 
barite, and may represent chert pseudomorphs of evaporate minerals. Lowe and 
Byerly (1986) suggest that the nodules may replace anhydrite. 
 Cross-cutting quartz and carbonate veins are ubiquitous to the alteration zones. 
These veins are often horizontal and may be due to vertical extension. Many of the veins 
are fibrous, with fibers perpendicular to propagation direction, and may contain quartz or 
carbonate pseudomorphs after carbonate or gypsum. Black chert dikes extend down the 
from capping chert into alteration zone, cutting veins (Lowe and Byerly, 1986). 
 Duchač and Hanor (1987) and Hanor and Duchač (1990) studied fifteen sections 
of Mendon Formation Member M3 along the Skokohla River (Skokohla Sequence). Their 
studies focused on the silicified portions of the alteration zone. They found that the 
original komatiite was replaced with quartz, mica, and dolomite. Chromite, while a minor 
component, was common in the sequence. Chromite appeared to be the only preserved 
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original igneous phase, retaining its euhedral shape. Quartz was the most abundant 
mineral and is extremely fine-grained, commonly occurring as fine pseudomorphs after 
original igneous minerals, preserving igneous texture. Pseudomorphing minerals do not 
exhibit preferred orientation, except in fibrous chert veins. Aluminous glass from the 
original komatiite was replaced with mica and fine-grained quartz, suggesting that 
alumina was relatively immobile during alteration. Bulk rock chemical analyses of the 
rocks compared to less altered mafic and ultramafic rocks from the Barberton Greenstone 
Belt indicate that alteration enriched the rock in Si, K, Rb, and Ba2+ while the rock was 
depleted in Fe, Mg, Ca, Na, Mn, Sr, Zn, and Ni (Duchač and Hanor, 1987). 
Hanor and Duchač (1990) found alteration to be isovolumetric; therefore, vein 
and stylolite formation had a negligible effect on bulk Al2O3 and TiO2 content, and the 
bulk Al2O3/TiO2 ratio remains constant, suggesting that both were immobile during 
alteration. Dolomite was found to be a minor phase in these rocks, although it was 
observed more frequently in the zebraic and polygonal lithofacies, primarily in the veins 
between clasts of altered rock, and little in the altered rock itself.  
1.3. Komatiite 
 Komatiite is an extrusive ultramafic rock erupting at high temperatures and low 
viscosities. Dominant phases are inferred to be olivine, pyroxene, chromite, and glass. 
The rocks have high but variable MgO, Ni, and Cr contents. They also have distinct 
physical characteristics, exhibiting extrusive character, which typically include spinifex 
olivine and pyroxene, pillow structures, and volcaniclastic debris. Each flow is texturally 
and compositionally zoned. Generally, magnesium increases toward the base of a flow, as 
there is a greater fraction of olivine at the base. Textural changes are due to cooling 
patterns. The very top of the flow experiences the most rapid cooling, thus forming 
random spinifex. Below the random spinifex, oriented spinifex forms with needles 
perpendicular to flow surface, growing toward the source of greatest heat. The base of the 
flow forms the cumulate zone where minerals have crystallized and settled out of the 
melt. 
 Komatiite is defined by textural and chemical features. Textures reveal its 
extrusive nature and chemical analysis must demonstrate high but variable MgO 
content (ranging from 9 to 32 wt%), low CaO/Al2O3, and low incompatible element 
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ratios (Arndt and Nisbet, 1982). Komatiites erupted at very low viscosities and high 
temperatures, up to 1660°C (Kareem, 2005). On the basis of Al2O3/TiO2, three suites of 
komatiite are defined: Al-enriched, Al-depleted, and Al-undepleted. Al-enriched 
komatiites have Al2O3/TiO2 above 25 (Byerly, 1999). Al-depleted komatiites (also known 
as Barberton-type) have Al2O3/TiO2 of about 10, and CaO/Al2O3 of about 1.5. They tend 
to be depleted in Al2O3, heavy rare Earth elements (HREE), Sc, and V, and represents 
highly fractionated magma. Al-undepleted komatiites (Munro-type) have Al2O3/TiO2 of 
about 20, and CaO/Al2O3 of about 1. They have Al2O3, HREE, Sc, and V close to 
chondritic values and may represent extreme partial melting, in which only olivine is left 
unmelted (Nesbitt, et al., 1979; Byerly, 1999). 
 Physical characteristics that support an extrusive origin include quench textures, 
such as spinifex olivine and pyroxene, pillow structures, and volcaniclastic debris. Flows 
often display a distinctive internal flow architecture (Donaldson, 1982). Spinifex texture 
forms where there is a large thermal gradient (Shore and Fowler, 1999). The top of the 
flow experiences the most rapid cooling, thus forming random spinifex. Below the 
random spinifex, oriented spinifex forms with needles perpendicular to flow surface, 
growing away from the cooling surface; in most cases, from near the top of the flow 
toward the base. While spinifex texture is often used as a defining feature of komatiites, 
not all komatiites develop it. The base of the flow forms the cumulate zone where equant 
olivine (and less often pyroxene and chromite) crystals have settled out of the melt. 
Figure 1 outlines a generalized komatiitic cooling profile in cross section 
(Donaldson, 1982; Shore and Fowler, 1999).  
 In addition to texture and structure, flows are fractionated according to 
composition. All komatiites have been altered to some degree; therefore, chemical 
characteristics, such as original mineralogy and geochemistry, must be inferred. 
However, some of the fresher flows do still contain some unaltered olivine and pyroxene 
crystals. Most komatiites in the Barberton Greenstone Belt are predominantly serpentine 
and actinolite, which most likely replaced igneous olivine and pyroxene, respectively 
(Lowe and Byerly, 1999). The dominant phases in komatiites probably were olivine, high 
Mg pyroxene, high Mg glass, and chromite. Within single flows or a related group of 
flows, original elemental ratios are controlled by igneous fractionation, especially that of  
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Figure 1. Typical architecture of a komatiitic flow in cross section (redrafted after 
Donaldson, 1982). Not all komatiites produce spinifex texture. A quench zone occurs at 
the top of the flow, producing fine random spinifex (A) crystals, less than a millimeter in 
length. As cooling rates slow deeper into the flow, the random spinifex crystals get larger 
and grade into oriented spinifex (B) . Oriented spinifex crystals can be several 
centimeters in length, but still only a millimeter or less wide. The oriented spinifex zone 
gives way quite abruptly to the cumulate zone (C), where equant olivine crystals (2-3 
mm) have settled to the bottom of the lava flow. As each zone (and individual flows) are 





olivine (Byerly, 1999; Donaldson, 1982; Kareem, 2005). In some flows, especially the 
remarkably fresh flows of the Weltevreden Formation, some serpentine pseudomorphs 
after cumulate olivine still retain fresh olivine cores (Kareem, 2005). 
 Overall, bulk rock MgO increases toward the cumulate zone, where the flow is 
more olivine-rich and contains less glass, which is enriched in Al2O3 (Donaldson, 1982). 
Bulk Al2O3 and TiO2 are variable, but Al2O3/TiO2 is constant in a single flow and is 
primarily controlled by olivine fractionation (Byerly, 1999). In serpentinized komatiites 
from the Mendon Formation, olivine cumulates have MgO >28 wt%, fine-grained olivine 
spinifex has MgO from 22 wt% to 28 wt%, and fine-grained pyroxene spinifex has the 
lowest MgO, from 16 wt% to 18 wt% (Byerly, 1999). Olivines are zoned with respect to 
MgO content, becoming slightly more FeO-rich toward their rims (Kareem, 2005; 
Donaldson, 1982). MgO content is higher in cumulate olivines by as much as 2-4 mol%. 
Olivines are also rich in NiO and Cr2O3, up to 0.56 and 0.41 wt%, respectively 
(Kareem, 2005). 
 Clinopyroxenes are preserved in komatiites more often than olivine. They have 
high Al2O3 content and low TiO2 and Cr2O3 contents, and cumulate pyroxenes have 
lower Al2O3 and TiO2 than spinifex pyroxenes. Chromites are similar to basaltic 
chromites, but higher in Cr2O3, with Cr# [100Cr/(Cr+Al)] up to 85.6, and lower in TiO2 
(Donaldson, 1982; Kareem, 2005). Chromite compositions are similar to those expected 
for komatiitic magmatic chromites and they remain euhedral in shape, suggesting no 
dissolution. The chromites are apparently the only phase that remains essentially 
unaltered (Byerly, 1999). Mendon Formation chromites are zoned with respect to MgO 
and FeO, with FeO increasing toward the rims, and Cr2O3 varies little from core to rim. 
This zoning is likely due to magmatic processes rather than secondary alteration 
(Byerly, 1999). Glass composition is variable (inferred from residual glass and alteration 
products inferred to be from glass) but is high in CaO and Al2O3 (Donaldson, 1982). 
Other common alteration products include chlorite, magnetite, talc, and magnesite 
(Byerly, 1999). These minerals reflect the large amount of MgO in the system.  
 In the Weltevreden Formation, many komatiitic flows contain fresh cores of 
cumulate olivine (Kareem and Byerly, 2003). These olivine cores are highly magnesian, 
up to Fo95, decreasing slightly toward the apparent rim of the crystal (the actual crystal 
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rim is not preserved). Cr2O3 content is up to 0.41 wt% oxide and nickel up to 0.56 wt% 
oxide. Chromites are similarly zoned, with MgO decreasing toward the rims of crystals, 
but Cr2O3 remains constant. Pyroxenes are rich in Al2O3, Cr2O3, NiO, and TiO2, with 
compositions reaching up to 9.16 wt% Al2O3, 1.50 wt% Cr2O3, 0.16 wt% NiO, and 
0.93 wt% TiO2. Al2O3 and TiO2 decrease with increasing MgO, but NiO2 and Cr2O3 
increase with MgO. Like olivine, pyroxenes are zoned with respect to MgO, CaO, and 
TiO2, which are enriched nearer the apparent rims, which have been altered to magnetite. 
Some crystals contain inclusions of residual melt. Melt inclusions are high in SiO2 
(63.38-68.22 wt%), Al2O3 (14.67-17.68 wt%), and TiO2 (0.31-0.45 wt%) ,and low in 
MgO (0.65-2.50 wt%), compared to the bulk rock chemistry, suggesting that the trapped 
melt was more highly evolved (Kareem, 2005). 
1.4. Geologic Setting 
 The Barberton Greenstone Belt has a complex formation history, spanning 3.5 to 
3.2 Ga. It is an amalgamation of at least four structural blocks that formed through 
magmatic accretion and regional deformation (Lowe, et al., 1999). Overall, there is a 
northward younging trend, with the older rocks exposed in the southern portions of the 
belt (as old as 3.5 Ga), and the youngest rocks in the north (as young as 3.2 Ga). 
Correlation can be achieved between blocks using several distinct marker beds. The four 
blocks are the Southern Domain, the Northern Domain, the West-Central Domain, and 
the East-Central Domain. Each block is bound by major faults, the Inyoka Fault, the 
Granville Grove Fault, the Kromberg-Mbema Fault, and the Komati Fault. There is 
structural repetition in the stratigraphy between blocks (Lowe et al, 1999; Fig. 2). The 
rocks of this study are found in the West-Central structural block which is bound by the 
Inyoka Fault to the north, the Granville Grove Fault to the southwest, and the Kromberg-
Mbema Fault to the southeast. (Lowe, et al. 1999). Figure 2 provides a geologic map of 
the Barberton Greenstone Belt (Lowe and Byerly, 1999; Kröner et al., 1991; 
Byerly, 1999; Byerly et al., 1996). 
 The Barberton Greenstone Belt has been affected by five different episodes of 
deformation (Lowe, et al., 1999). The first phase of deformation is seen as contact 
metamorphism in the Onverwacht Group and took place due to the emplacement of 
3.445 Ga tonalite-trondjemite-granodiorite plutons. The four later phases of deformation  
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Figure 2. Generalized geologic map of the Barberton Greenstone Belt. Principal study 
area is outlined in red (redrafted after Lowe and Byerly, 1999; Kröner et al., 1991; 
Byerly, 1999; and Byerly, et al., 1996). 
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are seen as regional deformation in the rest of the greenstone belt and took place after the 
deposition of the Onverwacht Group. It was during the later regional metamorphic phases 
that much of the folding and faulting took place, creating structures such as the 
Onverwacht Anticline, Kromberg Syncline, and Steynsdorp Anticline 
(Lowe, et al., 1999). 
 Metamorphic grade ranges from greenschist to amphibolite facies throughout the 
belt (Lowe, et al., 1999). Xie and others (1997) were able to calculate a maximum 
temperature of metamorphism of 320°C based on chlorite geothermometry. In the interior 
portion of the belt, in which the principal study area of this study is included, 
metamorphic grade probably did not exceed lower greenschist facies (Xie, et al., 1997). 
 The greenstone belt contains numerous komatiitic flows in several formations. 
Over a dozen of these flows are topped with alteration zones that are likely due to 
interaction with seawater shortly after deposition. Komatiitic rocks occur in a number of 
Barberton formations: the Komati, Hooggenoeg, Kromberg, Mendon, and Weltevreden 
Formations (Lowe and Byerly, 1999). These komatiites erupted into a submarine 
environment, as indicated by pillow structures, volcaniclastic debris, and both random 
and oriented spinifex olivine and pyroxene (Lowe and Byerly, 1999). This study focuses 
on an alteration zone from the Mendon Formation that is exposed in the Stromatolite 
Anticline, an area consisting of poorly exposed ultramafic rocks in its hinge and a 
flow-top alteration zone exposed on its flanks. The Stromatolite Anticline is a recumbent 
anticline consisting of poorly exposed komatiite in its hinge and a flow-top alteration 
zone exposed on its flanks. Locations of measured sections and samples are outlined in 
red on Figure 3. The study area is bound by east-west trending thrust faults. Throughout 
the study area, the strata, fault plane, and fold axis are vertical.  
 This anticline is to the west of the Barite Syncline, which contains excellent 
exposures of Mendon Formation rocks, from the Msauli chert to the top of the Mendon 
Formation, where it gives way to sedimentary rocks of the Fig Tree Group. Very large, 
heavily carbonaceous black chert dikes extending from the Fig Tree down into the top of 




1.5. Mendon Formation Stratigraphy 
 An alteration zone in the Mendon Formation is the focus of this study. The 
Mendon Formation is the youngest division of the volcanic Onverwacht Group, and is 
succeeded by sedimentary deposition related to foreland basin development. It contains  
five komatiitic flow members, each topped with an alteration zone. The flow members 
are numbered M1-M5, with M1 being the oldest. The alteration zone atop Member M3 is 
the focus of this study. Each flow package exceeds 100 m in thickness, and the whole 
formation is more than 600 m. Each member is comprised of several smaller flows and is 
topped with an alteration zone and chert cap. Submembers are differentiated by rock 
type, and designated with a v for volcanic and a c for chert. For example, the volcanic 
flows of Member M1 are referred to as M1v, and the sedimentary chert topping the 
volcanic portion is referred to as M1c. There is no single type section available for the 
Mendon Formation due to structural complexity, but there are significant marker beds 
that make correlation possible and enable reconstruction of stratigraphy (Lowe and 
Byerly, 1999; Byerly 1999). Figure 4 presents a generalized stratigraphic section of the 
Barberton Greenstone Belt and a composite stratigraphic section of the Mendon 
Formation. 
 All Mendon Formation members are composed of several komatiitic flows, with 
no sedimentary units interbedded between flows. This suggests a rapid eruption, with 
very short periods of volcanic quiescence. The periods of quiescence between eruptive 
cycles allowed time for alteration of the top of the unit and sedimentation of a chert cap 
to take place (Byerly, 1999; Lowe and Byerly, 1999). 
 The Mendon Formation is bracketed above and below by precise single-zircon 
ages. A tuffaceous chert within the topmost unit of the Kromberg Formation 
(the Footbridge Chert) yields a date of 3334 ± 3 Ma (Byerly, et al., 1996). Within the 
Mendon Formation, Member M3c is dated at 3289 ± 3 Ma with another tuffaceous chert 
layer (Kröner, et al., 1991). Finally, a tuff layer about 20m above the Fig Tree 
Group-Onverwacht Group contact was dated at 3258 ± 3 Ma (Byerly, et al., 1996). 
 Member M1 is structurally isolated from the other flows, occurring only in the 
Southern Domain, but its position in the stratigraphy is determined by its relation to the 
Msauli chert (M1c). Mendon Formation Member M1 consists of Al-enriched komatiites, 
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with Al2O3/TiO2 ranging from 78 to 90. The Msauli chert crops out in both the Southern 
and West-Central Domains, capping Member M1 in the southern, and underlying 
Member M2 in the west-central. Figures 3 and 4 provide a study area map and a 
composite section of the Mendon Formation (Lowe and Byerly, 1999; Byerly, 1999). 
 Member M2 is composed of at least 100 m (>200 m in some locations) of 
Al-depleted olivine and pyroxene spinifex komatiites, with Al2O3/TiO2 ranging from 
9 to 11. Flows exhibit a range of textures from fine random spinifex to cumulate 
peridotites. Some flows developed vesicles of variable size, reaching up to 5 mm in 
diameter. After formation, the cavities are filled with melt, forming amygdules, and 
chromites settle to the bottom, now serving as geopedal indicators. Member M3 is very 
similar to Member M2, both stratigraphically and chemically. It is Al-depleted, 
Al2O3/TiO2 ranges from 11 to 14 in Member M3. Members M2 and M3 are very similar 
chemically and often difficult to distinguish stratigraphically. It is due to this difficulty 
that both the sequence from this study and the Skokohla Sequence studied by Duchač and 
Hanor (1990) have been variably placed both within M2 and M3 in different studies. The 
sequences are currently thought to be a part of M3 (Byerly, 1999). A precise date of 
3.298 ±3 Ga for the top of Member M3 has been determined from analysis of single 
zircon grains contained within a tuffaceous lens in M3c. (Byerly, et al., 1996). This 
member consists of Al-depleted olivine and pyroxene spinifex and cumulate komatiite, 
where Al-depletion is due to original igneous composition, not alteration. 
 Member M4 is located on the hinge of a major fold. It may be up to 500 m thick, 
but its thickness is not certain due to structural complexity. The komatiites of 
Member M4 are also dunitic and pyroxenitic. The upper and lower portions of the unit 
are chemically distinct from one another. All of Member M4 is composed of Al-enriched 
komatiite, with Al2O3/TiO2 of the whole unit ranging from 21.8 to 59.1, the lower unit 
having lower Al2O3/TiO2. Member M5 is a very thin flow (~60 m) that has been 
completely silicified. In a few locations, higher Mendon cycles likely exist, but they are 
poorly exposed and very thin, with highly variable chemistry (Byerly, 1999). 










Onverwacht Group Fig Tree Group
















Figure 3. Field area map with sample locations. Red bars indicate the location of a measured
section. A. V. F. =  Auber Villiers Fault. E. M. F. = Eucalyptus Mill Fault. 
M. K. F. = Mbema-Kromberg Fault.
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Figure 4. Generalized stratigraphic section for the Swaziland Supergroup of the Barberton 
Greenstone Belt (left).  The average thickness of the units is represented here (redrafted 
from Lowe and Byerly, 1999). The base of the Fig Tree is dated at 3,259 +- 4 Ma (Kroner, 
et al., 1991). The Mendon stratigraphic section is a composite section compiled from several 
locations (Lowe and Byerly, 1999; Byerly, 1999). Estimated maximum thickness is represented. 
The base of the Mendon is dated at 3,334 +- 5 Ma and M3 is 3,298 +- 3 Ma (Byerly, et al., 1996).
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Chapter 2. Methods 
 
2.1. Field Observations 
 Samples were collected and sections measured in the 2005 field season. Sections 
were documented and measured using a 1.5 m jacob’s staff, Brunton compass, aerial 
photographs, and GPS. Lithologic units were defined based on alteration fabric and 
mineralogy, with a single unit having only one fabric represented and being either 
silicified or carbonated. Thicknesses of each lithologic unit were measured, then all 
thicknesses of units were added up to construct a final section. Sections presented in this 
study are each from a single outcrop. Section locations were noted on an aerial 
photograph and GPS coordinates were recorded for the base of each section. Sample 
locations are noted directly on the measured section as stratigraphic distance from the 
base of the section. Photographs were taken in order to document textures and features in 
outcrop as well as detailed field relations, especially cross-cutting relations. See Figure 3 
and for locations of measured sections and Table 1 for GPS coordinates. 
2.2. Microprobe Analyses 
Carbonate analyses were performed using a JEOL 733 Superprobe in the Department 
of Geology and Geophysics at Louisiana State University (LSU). Major oxides were 
analyzed using wavelength dispersive spectroscopy. Data was reduced using the 
Armstrong correction model (Armstrong, 1982) and values were reported in weight 
percent oxide. Carbon dioxide was found by difference, assuming that the major oxides 
and CO2 constitute 100% of the sample. In order to calculate atomic proportions for each 
constituent in the single mineral, several steps were taken. First, the molecular proportion 
was determined by dividing the weight percent of each oxide by its respective molecular 
weight. The cation and oxygen proportions were determined by multiplying the 
molecular proportion by the number of cations and oxygen atoms, respectively, in the 
oxide. The cation proportions per oxide were then normalized on the basis of three 
oxygen atoms (the number of oxygen atoms in carbonate) by multiplying the cation 
proportion by three (the number of oxygen atoms) and dividing the product by the sum of 
all the oxygen proportions for each oxide present in the single mineral analysis. 
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Analyses were performed at 15 KeV accelerating voltage and 5 nA beam current. 
Such a low beam current was used to prevent loss of volatiles (CO2) during analysis. In 
addition to working at a low beam current, a 20 µm beam diameter was used, both in 
standardization and analysis, to further preserve the sample. Working at low beam 
currents sacrifices statistic reliability, creating analytical variation of as much as half a 
weight percent total. The average error was calculated by replicate analysis of the 
standards and comparing the observed compositions to reported compositions. See 
Table 2 for a list of analytical standards and Table 3 for analytical uncertainties. 
2.3. Bulk Rock Analyses 
 Eleven Mendon Formation samples were analyzed for bulk rock chemical 
composition. Three samples were analyzed using inductively-coupled plasma – mass 
spectrometry (ICP-MS) for trace elements and X-ray fluorescence (XRF) for major 
elements at GeoAnalytical Laboratories at Washington State University (WSU), and ten 
samples were analyzed at LSU using inductively-coupled plasma – optical emission 
spectroscopy (ICP-OES) for major and trace elements. 
 XRF analyses at WSU were performed according to Johnson and others (1999). 
Chips were handpicked after coarse crushing with a steel hammer, hydraulic press, or 
steel jawcrusher. Finer crushing was done in a tungsten carbide swing shatterbox. 
Because tungsten carbide can contaminate the sample with cobalt, cobalt was not 
analyzed. The sample was mixed with dilithium tetraborate (Li2B4O7), with a tetraborate 
to sample ratio of 2:1. The sample was then fused in an oven at 1000°C for 5 minutes in 
graphite crucibles. After the bead cooled, it was reground in the shatterbox, then fused 
once again. These beads were directly labeled with the sample number, then one side was 
ground flat (with a 600 grit final polishing). This faceted bead was then loaded into the 
XRF spectrometer. To determine the concentration of elements, the X-ray intensities of 
each was compared to nine standards, and one pure quartz blank. Analytical precision 
was checked through replicate analysis of standards, as well as analyzing separate beads 
made from the same sample. Accuracy was estimated by comparing data to known 
calibration curves (Johnson, et al. 1999). Table 4 provides estimated precision and 
accuracy for XRF analyses performed at WSU. 
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Table 1. Location of measured sections. 
 
 

















Section # Latitude Longitude Elevation (m) Uncertainty (m) 
1 S25º 54.221’ E31º 02.378’ 1406 5 
3 S25º 54.418’ E31º 02.833’ 1490 5 
4 S25º 54.265’ E31º 02.692’ 1394 4 





CaO Smithsonian Calcite 136321 
MgO Smithsonian Dolomite 10057 
FeO Smithsonian Siderite R-2460 
MnO LSU Rhodocrosite N/A 
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1Compositional data for CaO and MgO were checked against the Smithsonian Dolomite and FeO and MnO against the Smithsonian 
Siderite. All compositional data is given in weight percent oxide 
2Average Mendon dolomite composition, in weight percent oxide 
3Lower limit of detection is determined from x-ray counts 












CaO Smithsonian Dolomite 29.86 0.28 0.01 29.94 0.05 
MgO Smithsonian Dolomite 21.74 0.31 0.01 21.70 0.07 
FeO Smithsonian Siderite 58.99 0.61 0.01 9.48 0.12 
MnO Smithsonian Siderite 3.09 0.10 0.03 0.93 0.13 
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Table 4. Accuracy and precision estimated for XRF analyses performed at WSU.  
 
 Precision Accuracy 
1SiO2 0.19 0.13 
1TiO2 0.01 0.01 
1Al2O3 0.08 0.17 
1FeO 0.18 0.09 
1MnO 0.00 0.00 
1MgO 0.07 0.08 
1Ca 0.04 0.02 
1Na2O1 0.04 0.02 
1K2O 0.02 0.01 
1P2O5 0.00 0.00 
   
2Ni 3.50 5.94 
2Cr 3.00 6.99 
2Sc 1.60 2.38 
2V 5.00 3.89 
2Ba 11.70 10.47 
2Rb 1.70 1.08 
2Sr 4.60 1.83 
2Zr 3.90 6.97 
2Y 1.20 1.07 
2Nb 1.20 0.53 
2Ga 2.70 1.05 
2Cu 7.40 3.85 
2Zn 3.30 2.05 
2Pb 2.60 1.85 
2La 5.70 4.31 
2Ce 7.90 9.33 
2Th 1.60 1.21 
2Nd 4.30  
2U 2.70  
2Bi 2.00  
 
1Reported in weight percent oxide 
2Reported in parts per million 
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 ICP-MS analyses at WSU were performed according to Knaack et al. (1994) and 
Crock and Lichte (1982). The sample was crushed in an iron swing shatterbox. Equal 
amounts of sample powder and lithium tetraborate were mixed and fused in a graphite 
crucible at 1000°C for 30 minutes. The bead was then cooled, crushed again, then 
digested in a multi-stage process using HF, HNO3, HClO4, and H2O2. A final dilution of 
1:240 was used for analysis. The samples were analyzed with a Sciex Elan 250 ICP-MS 
at 1500 watts plasma powering multi-element mode. Precision was determined through 
replicate analysis of known standards, and accuracy was estimated by comparing results 
to known calibration curves derived from known standards (Knaack et al, 1994).  
 Samples that were analyzed at LSU were crushed and digested at LSU by the 
author. Prior to crushing, samples were cleaned with warm soapy water and rinsed with 
distilled water. After air-drying, the rocks were reduced in size using a hammer and 
chisel. Pieces of sample containing a weathered surface were separated from the fresh 
pieces. Next, the samples were crushed to a clay-sized powder using a steel shatterbox. 
First, the shatterbox was precontaminated using the pieces with a weathered surface. The 
powder was then removed from the shatterbox by brushing it out carefully. The 
precontaminant powder was reserved, but not used for analysis. After precontamination, 
the fresh pieces were loaded into the shatterbox and crushed. Crushing took about a 
minute to a minute and a half. The powder was ready when it no longer felt gritty when 
rubbed between two fingers. The fresh powder was placed in a sample container. 
Between samples, the hammer and chisel were cleaned with a wire brush and the 
shatterbox was cleaned by scouring it out with quartz sand and an acetone-soaked 
Kimwipe. 
 The sample powders were then digested in nitric acid in preparation for ICP 
analysis. In order to digest the samples, they were first melted. The rock powder was 
mixed with a lithium metaborate flux (using a 4:1 flux: sample ratio) in order to lower the 
melting point of the sample powder and to ensure that refractory minerals were melted. 
The sample/flux mixture was then placed into a pre-fired graphite crucible and melted in 
an oven at 1000°C for 20 minutes. The molten rock was then poured into a hot 20% nitric 
acid solution and stirred until the sample was completely dissolved. This solution was 
further diluted to make two more solutions. A 1000:1 to 2% HNO3 : rock solution was 
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used to analyze for major elements and a 1000:1 to 18 MΩ H2O : rock solution was used 
to analyze for minor elements. 
 For the samples analyzed at LSU, the digested rock solutions were analyzed with 
a Perkin Elmer 6500 dual view ICP-OES spectrometer using axial view. See Table 5 for 
lower limits of detection and standard deviations derived from replicate analyses for each 
sample. Samples were calibrated using two USGS rock standards, DTS-1 and BIR 1. Five 
other international standards were analyzed as unknowns to check accuracy of analyses. 
The standards used included United States Geological Survey standards PCC-1, BIR-1, 
DTS-1, BHVO-1, and AGV-1, Geological Survey of Japan standard JP-1, and Centre de 
Recherche P´etrographiques et G´eochimiques standard UBN-1. Standards were digested 
and prepared previously by Dr. Keena Kareem in the fall of 2003 (Kareem, 2005).  
 Usability of analysis was determined by comparing expected composition of the 
standards to that observed from analyses. Those elements that demonstrated a 
1:1 expected value: observed value correlation were considered accurate. However, some 
elements did not demonstrate this correlation. Iron, potassium, and zirconium each varied 
from the expected value by a constant percentage. A simple linear correction was applied 
to each of these elements in the unknown analyses. Total iron was multiplied by a factor 
of 0.26, potassium by 0.50, and zirconium by 0.84. 
2.4. Isotopic Analyses 
 Twenty carbonate samples were analyzed for carbon and oxygen isotopes by 
EG Labs at Texas A & M University. Multiple blind duplicate samples of vein and matrix 
material were analyzed as a control. A hammer and chisel were used to isolate veins from 
the matrix in several samples. After isolation, the samples were crushed to a coarse sand 
size using a hammer. The samples were then washed in soapy tap water to remove the 
finest portion of the sample and any foreign material. Next the samples were rinsed three 
times with distilled water. After drying under a heat lamp, the coarser parts of the sample 
were poured off, as the finer bits were more pure carbonate. After the splits were made, 
the samples were then crushed to a fine sand/coarse silt size using a small steel 
percussion mortar and pestle. Two of the coarse splits were crushed and analyzed as 
duplicates. Isotopes were measured on a GasBenchII mass spectrometer, using the 
carbonate kit, in which sample powders are loaded directly into the sample tray and 
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Table 5. Error associated with bulk rock analyses. 
 
 MDL3 JS1-14 JS1-54 SA614-94 614-114 SA614-124 SA614-134 SA614-154 SA614-164 
1SiO2 0.0257 0.2254 0.2459 0.0903 0.3068 0.4499 0.2733 0.1089 0.3864 
1Al2O3 0.0851 0.0188 0.0066 0.0019 0.0161 0.0109 0.0156 0.0222 0.0287 
1FeO 0.0089 0.0215 0.0105 0.0281 0.0343 0.0022 0.0053 0.0274 0.0110 
1MnO 0.0018 0.0030 0.0005 0.0042 0.0041 0.0000 0.0003 0.0038 0.0016 
1MgO 0.0829 0.0203 0.0110 0.0229 0.0653 0.0011 0.0097 0.0289 0.0279 
1CaO 0.0140 0.0910 0.0163 0.1200 0.0980 0.0032 0.0133 0.0896 0.0288 
1Na2O 0.0930 0.0010 0.0005 0.0007 0.0005 0.0012 0.0005 0.0004 0.0015 
1K2O  0.0169 0.0055 0.0035 0.0123 0.0075 0.0086 0.0087 0.0165 
1TiO2 0.0063 0.0012 0.0002 0.0008 0.0011 0.0010 0.0008 0.0014 0.0011 
1Ba 0.0013 0.0488 0.0195 0.0884 0.0659 0.1065 0.0342 0.5290 0.1501 
          
2Co 0.0097 1.4031 0.6332 0.5206 0.8628 0.4399 0.7000 1.7620 1.0158 
2Cr 0.0071 5.0581 1.0728 2.9253 2.2228 0.7659 1.4581 14.2035 3.9056 
2Ni 0.0150 2.4352 1.5006 1.7212 2.6088 0.7294 0.4871 9.0628 4.9718 
2Sc 0.0015 0.0392 0.0202 0.0339 0.0672 0.0276 0.0066 0.2591 0.0573 
2Sr 0.0004 0.0360 0.0241 0.0819 0.0905 0.0041 0.0070 0.3753 0.0856 
2V 0.0075 0.1670 0.0544 0.1839 0.4936 0.0629 0.0758 1.4847 0.0848 
2Y 0.0035 0.0395 0.0290 0.0072 0.0434 0.0405 0.0179 0.0455 0.0105 
2Zr 0.0071 0.0306 0.0878 0.1893 0.0434 0.1229 0.0453 0.4397 0.2043 
 
1Reported in weight percent oxide 
2Reported in parts per million 
3The minimum limit of detection (MDL) is derived from the standard Winge sensitivity reported for a Perkin-Elmer 3300 DV ICP per 
wavelength.  
4Standard deviations are obtained from replicate analysis of samples. 
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automatically digested in phosphoric acid. Precision and accuracy for carbonate analyses 
is provided by the laboratory and is estimated at 0.1‰ (Grossman, 2006). 
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Chapter 3. Results 
 
3.1. Terminology 
 The following terms will be used throughout this paper. The alteration zones are 
cut by vertical black chert crack-fill displacive veins, referred to as black chert dikes. 
While these dikes are black in outcrop and hand sample, they are translucent in thin 
section, indicating that they are not nearly as carbonaceous as the dikes described by 
Lowe and Byerly (1986) that extend from the Fig Tree Group down into the underlying 
Mendon Formation. The dikes from this study do not extend out of the alteration zone. 
While their extent is large, it is not as large as that of the true black chert dikes observed 
in the Fig Tree Group. They extend vertically up to several tens of meters, and cover a 
wide range of thicknesses, from over a meter to a few centimeters. All other veins in the 
alteration zone are not carbonaceous and will be referred to simply as vein. These veins 
are supported in a host rock of original komatiite that has been wholly replaced by 
secondary minerals. 
3.2. Field Observations 
3.2.1. Outcrop Pattern of Alteration Zone 
 The alteration zone is bound below by serpentinized komatiite and above by a 
sedimentary chert cap which contains silicified stromatolites, graded komatiitic lapilli 
ash, and a stromatolite-chip breccia. The serpentinized komatiite below the alteration 
zone represents the protolith, the top of which was altered to fuchsitic chert and 
carbonate. The contact between the alteration zone and the serpentinized komatiite is not 
exposed. The serpentinized komatiite is up to 150 m thick in the core of the Stromatolite 
Anticline and poorly exposed in all locations. 
 The outcrop pattern observed in the field is very similar to that observed by Lowe 
and Byerly (1986) and Duchač and Hanor (1987) and Hanor and Duchač (1990). The 
alteration zone is bound below by the serpentinized komatiitic lava from the same flow 
member, and is capped by up to 10 m of sedimentary chert. Within the alteration zone 
itself, the original komatiite has been completely replaced with quartz, Cr-muscovite, 
carbonate, and minor minerals, including iron oxides (especially hematite), tourmaline, 
apatite, rutile and sulfides. Chromite is also present in the altered rock, but appears to be 
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an unaltered remnant of the protolith (Byerly, 1999). Chromites have compositions 
approaching magmatic composition. The rims of several chromites have been weathered 
and replaced with ferrous chromite (Donaldson, 1982; Kareem, 2005). There are two 
major styles of alteration; silicification and carbonation. In silicified samples, the original 
komatiite has been replaced with quartz and Cr-muscovite, and in carbonated samples, 
with quartz, Cr-muscovite, and dolomite. The lateral distribution of silicified and 
carbonated rocks is not uniform laterally nor vertically. The alteration zone is made up of 
alternating masses of asymmetric silicified and carbonates masses. The altered rocks will 
be referred to as the host rock. 
 The host rock is cross-cut by multiple generations of crystalline quartz and 
carbonate veins, ranging in thickness from a few millimeters up to a centimeter in 
thickness. Displacive crack-fill veins form in fractures in the host rock. They often form 
through multiple growth events, in one of two manners. In one style, the vein splits in the 
middle, and additional material is added from the middle. No host rock material is 
incorporated in the vein itself. In the other style of growth, the vein splits at the vein/rock 
wall interface and material is added there. Host material is incorporated in the vein itself 
in this type of growth. Vein growth increases the original rock volume, diluting the rock 
with quartz and/or dolomite, potentially increasing Al2O3/TiO2. 
 Stylolites are common in the alteration zone. Most stylolites are closely associated 
with veins and are parallel to nearby veins. The majority of the stylolites are horizontal, 
but a few are vertical. Nearly all vertical stylolites occur within a few centimeters of a 
vertical vein. All stylolites occur as jagged traces in the host rock. Some cut across veins; 
some are cut and/or displaced by other veins. Many stylolites are darker than the 
surrounding host rock, due to the concentration of chromites and tourmaline along them. 
Stylolite formation reduces the original volume of the rock, concentrating the rock in 
constituents other than quartz and/or carbonate, potentially reducing Al2O3/TiO2. 
 Figure 5 illustrates the relationship of veins and stylolites with photographs of 
slabs of samples with the veins and stylolites outlined. The stylolites are traced in black 
and the veins are traced in light grey. Stylolites usually occur later than veins, sometimes 
displacing them, but occasionally a later generation of veins displaces stylolites. For the 
most part, stylolites parallel veins, rather than the two being orthogonal. Samples record 
28 
 
Figure 5a. Cross-cutting relations between veins and stylolites. Stylolites are traced in black, and veins are in dark grey. The light 
grey denotes an area where veins and stylolites are indistinguishable. 
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Figure 5b. Cross-cutting relations between veins and stylolites. Stylolites are traced in 
black, and veins are in dark grey. 
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Figure 5c. Cross-cutting relations between veins and stylolites. Stylolites are traced in black, and veins are in dark grey. 
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Figure 5d. Cross-cutting relations between veins and stylolites. Stylolites are traced in 
black, and veins are in dark grey. 
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varying numbers of deformational events. Some samples contain only one generation of 
veins or stylolites, others contain up to two generations of each. While quartz and 
carbonate veins appear to occur in separate generations, the order of formation appears to 
be a local effect. In some samples, the first generation is quartz, in others, it is carbonate.  
 The chert cap consists of the sedimentary chert above the alteration zone which 
was deposited either during or after the alteration of the komatiite. The chert cap is up to 
10 m thick in several locations. This chert cap contains zones of banded ferruginous 
chert, accretionary lapilli, komatiitic ash, a stromatolite-chip breccia, and stromatolites. 
These components are identical to those described by Lowe and Byerly (1986). All 
components of the chert cap have been silicified (Fig. 6). The alteration zone and the 
chert cap are both cut by massive black chert dikes (Fig. 7). These dikes extend vertically 
downward from the chert cap, and terminate within the alteration zone, never extending 
into the serpentinite below. They are composed of massive black and white chert, and 
contain clasts of the chert cap and the host rock (at locations 3 and 5) and cross-cut quartz 
and carbonate veins and the host rock. The dikes are not as carbonaceous as those 
described by Lowe and Byerly (1986) that extend from the Fig Tree Group into the 
Mendon Formation in the Barite Syncline. After dike emplacement, some of the dikes 
appear to have split down the center and more sediment was deposited within, growing 
from the center outward. The dikes are likely sedimentary in nature, with or without a 
pre-silicified protolith. 
3.2.2. Alteration Fabric 
 Four sections within the alteration zone were measured, noting alteration fabric 
and mineralogy and preserved igneous texture. See Figure 8 for measured sections. 
Section locations are listed in Table 1. The lateral extent of the lithologic units described 
is limited, up to a few tens of meters. As the sections are located farther apart than the 
individual units extend, correlation between the sections is not feasible. 
 Although the alteration fabrics observed in this study are very similar to the 
lithofacies observed by Duchač and Hanor (1987), it was found that alteration fabric is 
dependant on original igneous texture. Random spinifex zones form a brecciated fabric, 
oriented spinifex zones produce a massive fabric, and cumulate zones produce a zebraic 




Figure 6. Silicified accretionary lapilli ash beds in chert 
cap. The ash beds are graded, serving as excellent geopedal 
indicators. They consist of approximately 95% bulk SiO2, 
with the remaining rock made up of komatiitic ash and 
sericite (Lowe and Byerly, 1999).  
 
B 
Stromatolite in chert cap. The stromatolites in this sequence 
grow directly on top of the alteration zone and are included 
in the sedimentary chert cap (Byerly, et al. 1986; Byerly and 






A: Black chert dike cutting through host 











B: Smaller black chert dike cross-cutting 









C: Another small dike terminating in a sill 































Low domal stromatolites at top (30-40 cm)
Lapilli ash ~1 m below stromatolite
Fuchsitic chert fragments in chert
2-3 mm random chain-link spinifex
Cr-spinels
Disintegrating
Black and white quartz veins
Blocks of oriented spinifex breccia are rotated
Disintegrating
Quartz pseudomorphs after olivine
Cr-spinel
More silicified at bottom than top
Brecciated clasts suspended in 
carbonate-vein matrix
Carbonate veins cut clasts then 
Small black chert dikes (~0.5 cm) cut 
clasts and carbonate veins
Green schistose fuchsitic chert with chert-filled vesicles
Base covered
Top Covered
Greater number of host rock fragments




2 cm botryoidal black chert dike
terminates in a sill
Brecciated at top
JS 3-1
a small amunt of carbonate is 










small acicular tourmaline 
lines up with spinifex
small acicular tourmaline 
lines up with spinifex
Thinly laminated, contains lapilli 
ash and stromatolites





Fibrous chert lenses (2-3 cm). Fibrous chert nodules (2-8 cm) 






Lenses of silicified material at 2 m.
Schistose at base.


















A. A brecciated fabric forms from 
the random spinifex zone.
B. A massive fabric forms from 
the oriented spinifex zone.
C. A zebraic fabric forms from 
the cumulate zone..
Figure 9. Alteration fabric is dependant upon original igneous texture.
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 The brecciated fabric forms from random spinifex. This fabric is characterized by 
angular pebble to cobble-sized clasts of host rock suspended in chert or carbonate veins. 
The clasts have been subjected to varying degrees of rotation, and the clasts are 
composed wholly of altered random spinifex komatiite. Spinifex crystals range from a 
few millimeters to a few centimeters in length and have been pseudomorphed by either 
quartz or carbonate. Replacing the groundmass that used to make up the space between 
the crystals are fine-grained quartz, is Cr-muscovite, and variable amounts of carbonate. 
Minor minerals are also disseminated in the groundmass. These minerals include 
chromite, tourmaline, rutile, apatite, pyrite, hematite, and magnetite. The same minor 
minerals are found in all fabrics and will be referred to as “minor minerals”. Euhedral 
magnetite (0.01 mm) usually occurs on the edges of the quartz pseudomorphs after 
spinifex. Euhedral chromites and tourmalines may be distributed evenly throughout the 
replaced groundmass, or may be concentrated along stylolites, which may or may not be 
present. Chromites are opaque, generally euhedral, and approximately 0.1 mm in 
diameter. Tourmalines are generally dark brown, euhedral, and approximately 0.01 mm 
in diameter. 
 Cumulate zones produce a zebraic fabric, in which lens-shaped clasts of host rock 
are supported by chert and carbonate veins. These clasts have not been rotated and are 
preferentially oriented, with the long axis of the lens horizontal. The zebraic sections can 
appear banded due to the lineation of the clasts. Clasts are composed of quartz or 
carbonate pseudomorphs after cumulate olivine in a groundmass of glass that has been 
replaced with quartz, Cr-muscovite, and minor minerals. Olivine pseudomorphs are 
1-2 mm in diameter. They have been wholly replaced with quartz or carbonate. There are 
no unaltered cores, such as those found in the Weltevreden Formation (Kareem, 2005). 
Similar to the brecciated fabric, magnetite rims serpentine pseudomorphs after olivine 
replaced by quartz, and chromites and tourmaline are evenly distributed throughout the 
groundmass, except where concentrated by stylolites. 
 The massive fabric always forms in oriented spinifex zones of the lava flow. This 
flow zone is not subjected to much textural change. There are no clasts nor supporting 
veins. Later generation veins sometimes cut massive zones and are usually parallel to the 
long axis of oriented spinifex crystals, thus the stratigraphic up direction. Spinifex 
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crystals can be a few centimeters to up to several tens of centimeters long in this section. 
The mineralogy of this fabric is similar to that of the brecciated and zebraic fabrics. 
Spinifex olivine has been pseudomorphed by quartz and carbonate. The groundmass has 
been replaced by quartz, Cr-muscovite, and minor minerals. Magnetite surrounds former 
olivine crystals, and minor minerals are evenly distributed throughout the replaced 
groundmass, except where concentrated by stylolites. 
3.2.3. Alteration Mineralogy  
 While original igneous texture determines the alteration fabric, the mineralogy of 
the alteration zone is dependant on neither original igneous texture nor alteration fabric. 
Individual zones of the flow (spinifex, cumulate) can be either silicified or carbonated, 
and often both styles of alteration can be found in the same unit. The alteration fabric is a 
textural change, rather than a mineralogical one. There is a continuum between the two 
alteration styles, ranging from wholly silicified to wholly carbonated. The two styles 
differ only in the percentage of carbonate. Both styles produce quartz, Cr-muscovite, and 
minor minerals, but silicified samples have little to no carbonate in them and carbonated 
samples are up to 80% carbonate. Chromite is also present in both styles of alteration, 
and it is not an alteration product, but the last remaining original igneous component. 
 Mineralogical changes are similar in all three fabrics, with spinifex and cumulate 
olivine being replaced by quartz or carbonate. The glassy groundmass between the 
olivine crystals is replaced by quartz, Cr-muscovite, and carbonate. Minor minerals are 
distributed evenly throughout the host rock and include tourmaline, chlorite, rutile, 
apatite, sulfides, and iron oxides (these will be referred to simply as “minor minerals”).
 Silicified portions of the alteration zone contain large anastomosing 
microcrystalline quartz veins. The mineralogy is quartz and Cr-muscovite. Spinifex 
samples contain well-preserved quartz pseudomorphs after spinifex olivine, consisting of 
bands of quartz and mica. Quartz pseudomorphs the original spinifex olivine and quartz 
and Cr-muscovite take the place of the glass that formed between spinifex crystals. 
Cumulate samples consist of serpentine pseudomorphs after olivine replaced by quartz 
and fine-grained quartz and Cr-muscovite. 
 The primary constituents of the carbonatized sections are dolomite, Cr-muscovite, 
and quartz. Some spinifex texture is preserved, but often carbonation distorts or destroys 
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original igneous texture, because the carbonate crystals are larger than the spinifex 
olivine and pyroxene. The minerals found in both styles of alteration have similar general 
distribution and habit, differing only in relative abundance. Cumulate textures are rarely 
preserved. Preservation is better in at least partially silicified samples. For example, in 
sample SA 614-16, cumulate olivines are best preserved near quartz veins, where the 
sample is slightly more silicified. Hand sample and thin section descriptions are given in 
Appendix A. 
3.2.3.1. Quartz 
 Whether disseminated in the host rock or occurring in veins, all quartz is 
fine-grained (<0.01 mm) and anhedral, with the exception of some vein quartz that is 
quite coarse, up to several millimeters to centimeters, with well-developed crystal faces. 
A few veins in the host rock contain fibrous quartz grains, with the long axis of the fiber 
perpendicular to the long axis of the vein. 
3.2.3.2. Cr-muscovite 
 The Cr-muscovite occurs only in the interstitial spaces between olivine crystals 
that were likely occupied by glass in the original komatiite, either disseminated within a 
fine quartz matrix or lining spinifex pseudomorphs, chrome chromites, and carbonate 
crystals. Cr-muscovite compositional data are given in Appendix B. 
3.2.3.3. Carbonate 
 There are two phases of carbonate in the host rock. One phase is large and 
euhedral (up to 2 mm) and tends to occur in or near carbonate veins, but can also be 
disseminated in the host rock. The other phase of carbonate is small, a tenth to a 
hundredth of a millimeter, and is disseminated through the host rock. These carbonates 
are all grungy brown in plane polarized light and contain numerous fluid inclusions. 
Some of the larger carbonates have growth rims, suggesting two episodes of growth. All 
carbonates in the alteration zone, regardless of phase or episode of growth, have the same 
chemical composition, approximating dolomite, at 50 mol% Ca, 35 mol% Mg, and 
15 mol% Fe + Mn. Carbonates are cut by veins and dissolved along stylolites, but never 
overprint either. 
 Carbonates occur both in the host rock and veins. Vein carbonate is generally 
coarse (up to 1-2 mm) and sub- to euhedral. Many crystals are well developed, and 
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exhibit both simple and polysynthetic twins. Carbonate in the host rock comprises two 
size groups. Fine carbonates occur in aggregates and are ~0.01 to 0.1 mm and anhedral. 
Coarse carbonates are similar to vein carbonates, but are not twinned as often, and are 
more common near carbonate veins. Regardless of type (vein or matrix), all carbonates 
are very similar. They are brown in plane polarized light and are full of fluid 
inclusions (up to 0.01 mm).  
3.3. Bulk Rock Chemical Data and Modeled Igneous Controls 
 In order to assess elemental fluxes during alteration, compositional trends due to 
igneous fractionation must first be recognized. Igneous controls on composition were 
calculated using the MELTS algorithm developed by Asimow and Ghiorso (1998) and 
Ghiorso and Sack (1995). The composition of the komatiitic parent material was 
estimated by using a rock with similar Al2O3/TiO2 and REE composition to the altered 
samples. The composition of this less-altered rock was used as the starting composition 
for MELTS. The composition of the melt was tracked while temperature was decreased 
from 1555°C to 1115°C and solids were fractionated. Pressure was fixed at 0.1 Kbar and 
oxygen fugacity was set to QFM buffer. The starting composition of the melt and results 
of MELTS calculations are given in Appendix C. 
 All bulk rock chemical data for sample analyses are listed in Tables 6-11. SiO2 
content of carbonated samples ranges from 25.26 to 55.29 wt %. CaO ranges from 10.31 
to 20.94 wt %. Trends noted in the composition are outlined in Figure 10. Ba2+, Cr, and 
Ni increase with increasing bulk K2O content. MnO, MgO, and FeO increase with 
increasing bulk CaO content. Cr increases with increasing FeO, but Ni does not. 
 Elemental fluxes are estimated assuming Al2O3 is immobile (Duchač and 
Hanor, 1987; Hanor and Duchač, 1990). Elemental fluxes were qualitatively estimated by 
comparing the elemental ratios calculated from bulk rock chemical analyses to igneous 
control lines calculated using MELTS. Calculated igneous control lines compared to the 
composition of altered samples are outlined in Figure 11. Bulk rock compositional data 
from Duchač (1986) are also plotted for comparison. 
 Figure 11 summarizes bulk rock chemical data compared to modeled igneous 
controls on composition. The open diamonds represent the igneous control line, which is 
composition of the remaining liquid as olivine (and later chromite) crystallizes and is
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Table 6. Bulk rock chemical data from ICP-OES analyses obtained at LSU. 
 
 JS 1-1 SA 614-5 SA 614-6 SA 614-9 SA 614-11 SA 614-16 JS 1-5 SA 614-15 SA 614-13 SA 614-12 
1SiO2 50.63 26.30 41.49 25.26 31.92 55.29 78.62 32.08 78.92 90.97 
1Al2O3 6.16 3.57 3.30 2.41 2.43 5.76 1.28 5.50 2.72 2.28 
1FeO 1.28 6.78 6.23 1.81 1.67 1.11 0.54 1.44 0.38 0.16 
1MnO 0.63 1.04 0.69 0.91 0.79 0.51 0.16 0.72 0.15 0.02 
1MgO 7.52 9.20 7.22 11.01 9.14 5.94 2.08 8.36 1.83 0.29 
1CaO 13.59 19.47 15.34 20.92 17.95 10.31 3.64 14.54 3.34 0.38 
1Na2O 0.05 0.11 0.06 0.06 0.04 0.07 0.01 0.06 0.02 0.03 
1K2O 1.84 1.06 0.92 0.77 0.66 1.56 0.40 1.43 0.81 0.69 
1TiO2 0.40 0.24 0.31 0.23 0.23 0.39 0.08 0.35 0.21 0.23 
3Total 82.11 67.76 75.57 63.38 64.82 80.95 86.80 64.47 88.39 95.03 
           
2Ba 23 40 16 19 11 37 7 39 13 14 
2Co 117 59 83 60 366 141 38 201 39 43 
2Cr 2215 1424 1150 1033 808 2724 579 1871 885 981 
2Ni 765 449 906 456 691 831 208 1440 207 178 
2Sc 28 16 16 10 18 24 5 22 10 5 
2Sr 22 28 18 18 21 25 6 28 5 2 
2V 172 101 101 77 91 160 35 153 78 70 
2Y 7 9 10 9 9 5 3 4 3 2 
2Zr 23 14 18 17 17 21 6 20 13 14 
 
1Reported in weight percent oxide. 
2Reported in parts per million. 




Table 7. Major elements from LSU ICP-OES bulk rock chemical analyses. 
 
 JS 1-1 SA 614-5 SA 614-6 SA 614-9 SA 614-11 SA 614-16 JS 1-5 SA 614-15 SA 614-13 SA 614-12 
1SiO2 61.67 38.81 54.91 39.85 49.24 68.31 90.57 49.76 89.30 95.72 
1Al2O3 7.51 5.26 4.37 3.81 3.76 7.12 1.48 8.52 3.08 2.40 
1FeO 1.56 10.01 8.25 2.85 2.57 1.37 0.62 2.23 0.43 0.17 
1MnO 0.77 1.53 0.92 1.44 1.21 0.63 0.18 1.11 0.16 0.02 
1MgO 9.15 13.58 9.55 17.37 14.09 7.33 2.40 12.97 2.07 0.30 
1CaO 16.55 28.73 20.30 33.00 27.69 12.74 4.19 22.55 3.78 0.40 
1Na2O 0.07 0.16 0.08 0.10 0.07 0.08 0.01 0.09 0.02 0.03 
1K2O 2.24 1.56 1.21 1.21 1.02 1.93 0.46 2.22 0.91 0.73 
1TiO2 0.49 0.36 0.41 0.37 0.35 0.48 0.09 0.55 0.24 0.24 
2Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
 
1Reported in weight percent oxide. 
2Total is normalized to 100% dry weight. 
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Table 8. Major elements for XRF analyses obtained at WSU in unnormalized weight 
percent. 
 SA 614-3 SA 614-5 SA 614-6 
SiO2 85.05 27.10 55.02 
Al2O3 8.11 4.67 4.66 
FeO 0.91 8.22 5.56 
MnO 0.00 1.46 0.67 
MgO 0.59 11.39 6.46 
CaO 0.12 24.36 14.06 
Na2O 0.02 0.02 0.02 
K2O 2.71 1.51 1.47 
TiO2 0.54 0.35 0.46 
Total 98.05 79.10 88.38 
 
Table 9. Minor elements for XRF analyses obtained at WSU in unnormalized parts per 
million.  
 MDL2 SA 614-3 SA 614-5 SA 614-6 
Ba 30 100 60 32 
Zr 3 41 51 57 
Sc 30 <30 <30 <30 
Sr 3 3 52 25 
Th 3 <3 <3 3 
Rb 3 66 57 53 
Pb 3 5 7 <3 
Ni  30 2866 452 789 
Cr  30 2584 2087 1603 
V  30 211 148 148 
Y 3 16 16 15 
Nb 3 <3 <3 <3 
Ga 10 10 7 10 
Cu 10 180 70 88 
Zn 10 13 66 27 
 
 




Table 10. Trace and rare earth elements from ICP-MS analyses at WSU in unnormalized 
parts per million. 
 
 SA 614-3 SA 614-5 SA 614-6 
La 1.96 1.12 2.36 
Ce 4.39 1.86 4.67 
Pr 0.78 0.25 0.65 
Nd 4.64 1.35 3.54 
Sm 1.70 0.49 1.36 
Eu 0.54 0.21 0.53 
Gd 2.30 0.79 1.84 
Tb 0.34 0.14 0.30 
Dy 1.89 0.93 1.68 
Ho 0.34 0.19 0.29 
Er 0.81 0.51 0.73 
Tm 0.10 0.07 0.10 
Yb 0.51 0.43 0.58 
Lu 0.07 0.06 0.09 
Ba 91.47 31.18 16.13 
Th 0.11 0.06 0.12 
Nb 0.53 0.15 0.61 
Y 11.02 8.18 9.02 
Hf 0.38 0.36 0.44 
Ta 0.04 0.01 0.05 
U 0.02 0.02 0.02 
Pb 1.07 1.11 0.40 
Rb 60.90 32.72 31.85 
Cs 0.83 0.70 0.38 
Sr 2.26 28.68 19.54 
Sc 24.09 20.50 19.86 



































































































Figure 11a. Modeled igneous control lines and bulk rock compositions of samples from this study and from Duchač (1986). 
Igneous control lines and the composition of the first olivine to crystallize are calculated using the MELTS algorithm (Asimow and 




































































Figure 11b. Modeled igneous control lines and bulk rock compositions of samples from this study and from Duchač (1986). 
Igneous control lines and the composition of the first olivine to crystallize are calculated using the MELTS algorithm (Asimow and 


































































Figure 11c. Modeled igneous control lines and bulk rock compositions of samples from this study and from Duchač (1986). 
Igneous control lines and the composition of the first olivine to crystallize are calculated using the MELTS algorithm (Asimow and 
Ghiorso, 1998; Ghiorso and Sack, 1995). 
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removed from the melt. Any trend in composition caused by igneous fractionation should 
follow this line. The closed red diamond is the composition of the first olivine to 
crystallize. The closed circles are samples from this study. The crosses are data published 
by Duchač (1986). 
 Assuming alumina is immobile, it provides an excellent comparison to assess 
fluxes. For any given Al2O3 concentration, if a sample has less of a given constituent than 
the estimated content of the parent komatiite (calculated via MELTS), then the sample is 
depleted in that constituent. Note that all of the Duchač (1987) samples are heavily 
enriched in silica. Most of the samples from this study are not enriched in silica, and 
some are depleted in it. 
 Figure 11a shows the variation in Cr. Note the inflection point as chromite begins 
to crystallize. As chromite crystallizes, Cr is rapidly removed from the melt. It should be 
noted that, while this plot looks temptingly like a linear correlation of Cr to Al, the more 
aluminous samples probably represent the concentration of Al2O3 and Cr by stylolites. Cr 
instead follows the igneous fractionation trend of olivine. Cr is an example of an element 
that has remained immobile during alteration. The K2O v. Al2O3 plot in Figure 11b shows 
an example of a linear correlation between elements. The more aluminous a sample is, 
the higher the potassium content. Note that silicified and carbonated samples exhibit the 
same trend in potassium enrichment. 
 Note also the relative enrichment of MgO and FeO in the carbonated samples 
compared to silicified samples. MgO and FeO are depleted in all samples, but less so in 
carbonated samples. CaO and MnO are enriched in the carbonated samples and heavy 
depletion in silicified samples. TiO2 and NiO appear to be depleted, but the trend is likely 
altered due to the dilution by quartz veins.  
 All samples, silicified and carbonated, are slightly depleted in MgO relative to 
modeled compositions for unaltered komatiites, and strongly depleted in Na2O and FeO 
in all samples. All samples are strongly enriched in K2O. Carbonated samples are 
strongly enriched in CaO and MnO, and depleted in MgO and FeO (but to a lesser degree 
than for silicified samples). The silicified samples of Duchač (1986) are depleted in 
MnO, but the carbonated samples of this study are strongly enriched in MnO. 
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 Several minor elements are reported in the bulk compositional data, but were not 
accounted for in the modeled igneous control lines. These elements include: Ba2+, Sc, V, 
Y, and Zr. A simple comparison to serpentinites of similar alumina concentration allows 
a qualitative estimate of fluxes for these elements. Sc and V are largely immobile. Ba2+ is 
strongly enriched. Y and Zr appear to be slightly depleted, but, again, the trend is likely 
altered due to dilution by quartz veins. 
3.4. Single Mineral Carbonate Data 
 All carbonates demonstrate a remarkably similar composition. See Figure 12 and 
Appendix D for single mineral analyses. All carbonates are ferroan dolomite, averaging 
29 ± 0.003 wt% CaO, 14 ± 0.002 wt% MgO, 11 ± .001wt % FeO + MnO, and 
46 wt% CO2, or 50 mol% CaO, 35 mol% MgO, and 15 mol% FeO + MnO. A mineral 
formula of Ca0.88-1.08Mg0.62-.88Fe0.2-0.3(CO3)2 is calculated on the basis of three oxygens. 
All carbonates, regardless of size, location of sample, location within sample, amount of 
twinning, or concentration of inclusions are unzoned. See Figure 13 for several line scans 
across grains demonstrating the unzoned nature of the carbonate. 
 Two serpentinized samples were studied for comparison. These samples were 
collected from Mendon M2v and M4v, and are thought to more closely represent the 
protolith. The M4v sample was predominantly serpentine and magnesite; the magnesite 
crystals were small, anhedral, and disseminated in a serpentine matrix. The M2v sample 
was predominantly serpentine with large anhedral dolomite crystals that formed groups 
within the matrix. See Figure 12 for analyses. Dolomite and magnesite in these samples 
also are unzoned.  
3.5. Isotopic Data 
 Isotopic data obtained from Mendon carbonates are presented in Table 12 and 
Figure 14. Carbon values are reported relative to the Vienna Pee Dee Belemnite (VPDB) 
and oxygen values are reported relative to Vienna Standard Mean Ocean Water 
(VSMOW).  Oxygen isotopes from the carbonates in the alteration zone range from 
 δ18O =-19.3‰ to δ18O=+20.6‰. Carbon isotopes range from δ13C=+0.8‰ to 
δ13C=+2.9‰ (Fig. 14). There is only an approximately 2 ‰ range in both C and O 
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Figure 12a. Single mineral dolomite data from Mendon rocks. Data are reported in 
molar proportions. Open circles represent analyses of rims of grains. Closed circles 
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Figure 12b. Single mineral dolomite data from Mendon rocks. Data are reported in 
molar proportions. Open circles represent analyses of rims of grains. Closed circles 
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Figure 12c. Single mineral dolomite data from Mendon rocks. Data are reported in 
molar proportions. Open circles represent analyses of rims of grains. Closed circles 
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Figure 12d. Single mineral dolomite data from Mendon rocks. Data are reported in 
molar proportions. Open circles represent analyses of rims of grains. Closed circles 
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Figure 12e. Single mineral dolomite data from Mendon rocks. Data are reported in 
molar proportions. Open circles represent analyses of rims of grains. Closed circles 



















































































































Table 11. Carbon and oxygen isotopes from Mendon carbonates. Analyses performed at 
EG Labs at Texas A&M University. 
 
  δ13CVPDB δ18OVPDB δ18OVSMOW 
JS 1-1 0.8 -10.0 20.6 
SA 614-5 2.5 -10.8 19.8 
SA 614-9 2.5 -11.3 19.3 
SA 614-11 o 2.3 -11.0 19.6 
SA 614-11 d 2.2 -10.6 20.0 






SA 614-16 1.4 -10.4 20.2 
     
JS 1-1 1.8 -11.2 19.3 
SA 614-5 2.0 -10.6 20.0 
SA 614-9 2.5 -11.0 19.6 
SA 614-11 1.1 -10.6 20.0 































Chapter 4. Discussion 
 
4.1. Timing of Alteration 
 Observations from this study regarding cross-cutting relations in the field, hand 
samples, and thin sections were documented in order to constrain the timing of alteration. 
Cross-cutting relations indicate an alteration sequence in which the komatiite first erupted 
into a submarine environment then was serpentinized; next, wholesale replacement of the 
komatiite with quartz, Cr-muscovite, and carbonate took place. Vein and stylolite 
formation occurred after carbonation and silicification of the original komatiite. Next, the 
chert cap was deposited and emplacement of black chert dikes took place. Finally, the 
cycle is restarted with eruption of more komatiite. 
 The alteration sequence is determined based on cross-cutting relations. Veins cut 
the host rock, and are cut by dikes, which contain clasts of host rock and, rarely, the chert 
cap. Chemical and isotopic similarity of matrix and vein carbonates suggests that the 
formation of both was contemporaneous. Also, not all veins are pure quartz or carbonate. 
Many are a mixture of the two, suggesting multiple growth events, with either quartz or 
carbonate occurring first. Quartz veins are sometimes cut by carbonate veins, but also 
sometimes cut them, supporting the probability of multiple growth events. Minor 
secondary minerals (tourmaline, rutile, apatite, pyrite, magnetite, hematite), as well as 
Cr-muscovite, are present in the host rock, but not in veins, and are concentrated along 
stylolites, suggesting their formation occurred before that of veins and stylolites. 
 Magnetite rims former serpentine pseudomorphs after olivine replaced by quartz, 
indicating that serpentine formed before the quartz replaced it. Serpentine does not 
incorporate as much iron as olivine (Schroeder, et al., 2002); therefore, iron is excluded 
during the serpentinization process, leaving magnetite inclusions. While no serpentine 
cores remain in the flow-top alteration zone, the presence of the magnetite rims is 
sufficient evidence to add serpentinization to the alteration sequence. Wholesale 
replacement of the protolith komatiite took place after serpentinization and before 
sedimentation of the chert cap and emplacement of the black chert dikes. This step 
includes the dissolution of serpentine and the crystallization of quartz, dolomite, Cr-
muscovite, tourmaline, magnetite, hematite, pyrite, apatite, and rutile.  
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 The alteration sequence begins with the eruption of the komatiite. Following 
eruption, the komatiite is serpentinized then hydrothermally altered to carbonate- and 
silica- rich rocks. The altering rock is subjected to various stresses, resulting in vein and 
stylolite formation. Stylolite formation may be due to stress produced by dilation induced 
by vein formation. The chert cap is deposited after and possibly during alteration. Dikes 
are emplaced after alteration is completed, but also while at least some of the chert cap is 
being deposited. The mechanism for the emplacement of black chert dikes has not been 
identified. Finally, the sequence is ended by the eruption of more komatiite. 
4.2. Alteration Fabrics 
 Duchač and Hanor (1987) noted several alteration fabrics, which they refer to as 
lithofacies: black chert breccia, silicified-spinifex, zebraic, and irregular zebraic. The 
black chert breccia lithofacies consists of unrotated angular clasts of silicified ultramafic 
rock suspended in black chert just below the chert cap. The silicified-spinifex lithofacies 
is made up of pseudomorphs after spinifex olivine and is often cut by quartz veins. The 
zebraic lithofacies is volumetrically the most abundant facies and consists of lenses of 
altered ultramafic rock supported by anastomosing quartz veins. Stylolites are common, 
occurring parallel to the long axis of the lenses. The irregular zebraic lithofacies is made 
up of lenticular clasts of altered ultramafic rock. There is a gradational contact between 
all textures, except the irregular zebraic facies, which forms a sharp contact with the 
zebraic facies (Duchač and Hanor, 1987). 
 The fabrics observed in the carbonated portions of the alteration zones are slightly 
different than those noted by Duchač and Hanor (1987); therefore, a slightly different 
nomenclature is proposed, which includes and is limited to the brecciated, massive, and 
zebraic fabrics, which are described in detail in Chapter 3. There is a direct relationship 
between original igneous texture and alteration fabric, such that random spinifex zones 
produce a brecciated fabric, oriented spinifex zones produce a massive fabric, and 
cumulate zones produce a zebraic fabric. 
4.3. Stress Regimes 
 The parallel relationship between veins and stylolites is in direct contradiction to 
traditional stress models (van der Pluijm and Marshak, 1997). In a traditional stress 
model, veins form parallel to the principal stress direction and stylolites perpendicular to 
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it, resulting in veins being perpendicular to stylolites. However, in this system, veins and 
stylolites are roughly parallel to each other. Stylolites formed during or closely following 
vein formation. The few vertical stylolites that occur in the samples are closely associated 
with vertical veins, occurring within a few centimeters of the vein, also suggestive of 
their genetic relationship. Multiple generations of vein and stylolite formation are noted. 
This may indicate that the principal stress did not come from outside the system (i.e. is 
not from overburden, regional tectonism, etc), but may be related to alteration. 
4.4. Estimated Elemental Fluxes 
 Bulk rock analyses were used to estimate elemental fluxes. Unfortunately, 
no fresh samples are available for comparison. Therefore, it is necessary to model the 
original composition of the komatiite. Composition of the melt is controlled by igneous 
fractionation of olivine (Kareem, 2005). Igneous control lines were modeled using the 
MELTS algorithm (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995). Comparisons 
were drawn between constituents that should be interdependent during alteration. 
Elemental fluxes are often compared to Al2O3, (Duchač and Hanor, 1987; Hanor and 
Duchač, 1990) as alumina is incompatible with the crystallizing phases and increases 
linearly with increasing partial crystallization. These comparisons were used to estimate 
alteration controls on composition. Figures 15 and 16 outline the igneous and alteration 
controls per element.  
 Duchač and Hanor (1987) compared bulk rock compositions of silicified altered 
rocks to the composition of a few komatiitic basalts. If the altered rock contained more of 
a constituent (in weight percent) than the komatiitic basalts, then it was considered to be 
enriched in that element, and if it had less, then it was depleted. It was found that the 
silicified rocks were enriched in SiO2, K2O, Rb, and Ba2+; and depleted in FeO, MgO, 
CaO, Na2O, MnO, Sr, and Zn. Those constituents that were found in similar 
concentrations in both the altered rock and the komatiitic basalts are considered immobile 
and are Al2O3, TiO2, P2O5, Cr, Zr, Y, Nb, and Ni (Duchač and Hanor, 1987). 
In the fresh komatiite, Al2O3 is predominantly in the glass phase, and in the 
altered komatiite, only in the Cr-muscovite. Both the glass in the fresh komatiite and the 
Cr-muscovite in the altered komatiite occupy the interstitial spaces between spinifex 
olivine crystals, suggesting that alumina was conserved in the system and supporting the 
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assumption that alumina is immobile during alteration. Secondary processes that may 
affect Al2O3/TiO2 are the formation of stylolites, which concentrate alumina and raise 
Al2O3/TiO2, and the formation of quartz veins, which dilute alumina and lower 
Al2O3/TiO2 (Byerly, 1999). In both this study and the one conducted by Duchač and 
Hanor (1987), the Cr-muscovite in the alteration zones occupies the same space as the 
glass in the original komatiite (Hanor and Duchač, 1990). The spatial distribution of the 
aluminous phases supports the assumption that alumina is immobile during alteration. 
 Elemental fluxes are different in the two styles of alteration. Silicified units are 
enriched in SiO2, K2O, and Ba; and depleted in MgO and FeO. Carbonated units are 
enriched in K+, Ba2+, CaO, and MgO, depleted in SiO2, MgO, and FeO. Figure 15 shows 
the bulk rock chemical compositional trends based on style of alteration. Silicified 
samples are represented by K2O enrichment and carbonated samples are represented by 
CaO enrichment. During silicification, the formation of Cr-muscovite enriches the bulk 
rock in Ba2+, because Ba2+ substitutes for K+ in Cr-muscovite. This is a coupled 
substitution involving alumina, which does not affect the alumina content of the bulk 
sample. During carbonation, the rock is enriched in MnO, and the loss of some of the 
FeO and MgO is prevented by substitution of these elements into carbonate. Silicified 
rocks have Cr-muscovite and little to no carbonate, but carbonated rocks have significant 
amounts of Cr-muscovite, so it is difficult to attribute some trends to either silicification 
or carbonation. Trends such as those shown by Cr and Ni are not assessed in this study, 
as they are controlled by the formation of minerals not analyzed, such as chromites, 
sulfide, and serpentine. Boron also was not analyzed for, but the formation of tourmaline 
in all samples, whether silicified or carbonated, indicate an enrichment of boron in the 
host rock during alteration. 
 During silicification, all of the original mineral phases were replaced with quartz 
and Cr-muscovite, with SiO2 and K2O strongly enriched. Al2O3, TiO2, Zr, Cr, Sc, and V 
are immobile during alteration. MgO and FeO are incompatible with the altered komatiite 
and were lost to seawater. Carbonated samples are enriched in CaO and MnO, and less 
depleted in FeO and MgO than silicified samples. This trend is probably due to dolomite 






































Figure 15a. Alteration controls on bulk rock chemical composition. Bulk rock chemical data from this study are represented by closed 
circles, and that from Duchač (1986) are represented by crosses. Barium was neither modeled by the MELTS algorithm, nor detected 
in single mineral carbonate analyses, so neither the composition of Mendon carbonates, the composition of the first olivine to 






































































Figure 15b. Alteration controls on bulk rock chemical composition. Bulk rock chemical data from this study are represented by closed 
circles, and that from Duchač (1986) are represented by crosses. Igneous control lines are represented by open diamonds, and the 
composition of the first olivine to crystallize are represented by a red diamond. Igneous control lines and the composition of the first 
olivine to crystallize are calculated using the MELTS algorithm (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995). The average 


































































Figure 15c. Alteration controls on bulk rock chemical composition. Bulk rock chemical data from this study are represented by closed 
circles, and that from Duchač (1986) are represented by crosses. Igneous control lines are represented by open diamonds, and the 
composition of the first olivine to crystallize are represented by a red diamond. Igneous control lines and the composition of the first 
olivine to crystallize are calculated using the MELTS algorithm (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995). The average 
dolomite composition per sample is not represented in the Ni v. K2O, Ni v. CaO, nor FeO v. K2O plots, as neither nickel nor potassium 
was detected in any dolomites in the alteration zone. The average dolomite composition per sample is represented by the open 

































































Figure 15d. Alteration controls on bulk rock chemical composition. Bulk rock chemical data from this study are represented by closed 
circles, and that from Duchač (1986) are represented by crosses. Igneous control lines are represented by open diamonds, and the 
composition of the first olivine to crystallize are represented by a red diamond. Igneous control lines and the composition of the first 
olivine to crystallize are calculated using the MELTS algorithm (Asimow and Ghiorso, 1998; Ghiorso and Sack, 1995). The average 
dolomite composition per sample is not represented in the Mn v. K2O, nor MgO v. K2O plots, as potassium was not detected in any 
dolomites in the alteration zone. The average dolomite composition per sample is represented by the open triangles in the MnO v. CaO 
















Figure 16a. Alteration control on bulk composition. The fuchsitic mica sequesters 


















Figure 16b. Alteration control on bulk composition. Dolomite sequesters magnesium and 




the original komatiite, rather than from seawater, but any conclusions regarding the 
source of those constituents are merely speculative. Carbonates from the two 
serpentinized samples analyzed were dolomite in one sample, and magnesite in the other. 
This indicates that the carbonates were magnesian from the start, rather than becoming 
dolomitized later.  
 Bulk rock composition is partially driven by mineralogical compositions. For 
example, if the rock is mostly made up of dolomite, one would expect to see high calcium 
and magnesium bulk composition. Figure 16a indicates bulk potash and alumina content 
in rocks from this study (only). The concentration of potash in the altered rock is 
dependant on the concentration of alumina in the original igneous rock. Remember that 
alumina is immobile during alteration. So, while the original komatiite is being altered, 
komatiitic glass is replaced by Cr-muscovite. The addition of the Cr-muscovite to the 
system allows for potash to be compatible, while it wasn’t before; with a net effect of 
adding potash to the host rock. 
 Figure 16b shows how bulk rock composition is affected by the amount of 
dolomite present in the rock. Unlike potassium enrichment by Cr-muscovite, this trend is 
not caused by any component found in the original igneous rock. Instead, it represents a 
continuum of virtually no dolomite in the rock (near the origin) to a rock composed of 
almost all dolomite. The trend is linear because all dolomites in the system have the same 
chemical composition. Single mineral carbonate analyses are plotted on this graph as 
well, to demonstrate the homogeneity of dolomite composition in all samples. 
 Elemental fluxes suggest a possible composition of the altering fluid. Enrichment 
of a constituent in the altered rock suggests that the system was supersaturated with 
respect to that constituent, allowing precipitation. The altering fluid was rich in SiO2, 
K2O, Ba2+, and CO2, and these constituents would have been depleted as quartz, 
carbonate, and Cr-muscovite precipitated. 
 Why does the concentration of the carbonates vary? Perhaps the most important 
factor to carbonate formation is pH. High concentrations of atmospheric CO2 would 
produce high concentrations of oceanic carbonic acid. Low pH not only will drive the 
dominant form of carbonate away from the CO2 species, it will also dissolve existing 
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carbonates. However, the low pH increases the dissolution of serpentine, which will 
release a hydroxyl group, raising pH, according to the reaction: 
Si4Mg6O10(OH)8 + 10H2O = 4Si(OH)4 + 6Mg2+ + 12OH- 
In higher pH conditions, the dominant form of carbon is the carbonate ion, according to 
the reactions: 
H2O + CO2 = H2CO3 
H2CO3 = H+ + HCO3- 
HCO3- = H+ + CO32- 
The concentration of carbonate is pH dependant, with higher pH driving the system 
toward higher concentrations of carbonate (Drever, 1997). The dissolution of serpentine, 
as well as the increase in the concentration of carbonate, increases allows dolomite to 
reach saturation within the system (Wildman and Jackson, 1968). 
 The heterogeneity of the system does indicate changes in the composition of the 
altering fluid. There probably were no major changes, as only the concentrations of 
elements compatible in carbonate seem to change. This probably is related to the 
saturation of the carbonate ion in the system, which is pH dependant. The pH difference 
was probably a local effect. At pH near ~6.5, very little of the dissolved carbon is 
carbonate (Drever, 1997). Below that, virtually no carbonate could have formed. 
Dolomite commonly precipitates at pH 8-10, but can precipitate in small quantities at 
pH as low as 7. The distribution of dolomite in the alteration zone is likely a direct result 
of local changes in pH. Major cations are available via dissolution of serpentinized 
komatiite and from seawater  
 Overall, pH was low, driving the system toward silicification. However, pH may 
have been higher locally, allowing dolomite to form. Local pH differences may have 
been caused by changes in fluid flow: either a higher, focused flow, or a lower, diffuse 
flow. There is no evidence that pH changes are controlled by temporal effects, as in some 
areas carbonate appeared to have occurred first; in others, last. Alternately, pH could 
have been constant throughout the alteration process, but circulation could have been 




4.5. Carbonate Chemistry 
 Carbonate composition is surprisingly homogeneous, both chemically and 
isotopically. This suggests that the carbonates precipitated while in chemical equilibrium 
with some large body, likely seawater. Originally, geothermal calculations based on 
carbonate pairs were a focus of this study, but this proved to be impossible, because of 
the chemical homogeneity of the carbonates. 
 Factors that affect the formation of carbonates include the saturation state of the 
system (which is directly related to the concentrations of the constituents), and pH 
(which, along with concentration of CO2, dictates the availability of the carbonate ion). It 
should also be noted that carbonate has a high activation energy (roughly, the amount of 
energy for the constituents to begin precipitating carbonate). Each of these factors may 
have been affected by local conditions during the alteration process, which may explain 
why the carbonate is not evenly distributed throughout the alteration zone. Finally, the 
constituents needed to form dolomite may have come from a number of sources. The 
carbonate ion is almost surely derived from the complexation of atmospheric CO2 with 
water to form carbonic acid. Calcium is likely derived from continental weathering, 
similarly to the modern ocean. FeO and MgO may be derived from the fresh komatiite, 
and may have remained partially immobile during alteration or may have been wholly 
dissolved and reprecipitated. 
 The dominant phases before alteration are serpentine + magnetite + glass, and 
after alteration are quartz + dolomite + Cr-muscovite + tourmaline. The elemental fluxes 
during alteration are likely as follows: water enters system rich in SiO2, Ca2+, Mn2+, 
CO32-, K+, Ba2+, and B3+. Serpentine dissolves and releases Fe2+, Mg2+, and Ni2+. The 
aluminous glass dissolves and releases Na+; alumina is recycled. SiO2 is precipitated; 
Ca2+, Mn2+, and CO32- are incorporated into dolomite; Fe2+ and Mg2+ are possibly 
recycled from dissolved serpentine and are incorporated into dolomite and tourmaline; 
K+, and Ba2+ are incorporated into Cr-muscovite; B3+ is incorporated into tourmaline. 
Water exits system depleted in SiO2, Ca2+, Mn2+, CO32-, K+, Ba2+, and B3+, and enriched 




4.6. Archean Seawater Temperature 
 Oxygen isotope compositions for cherts in the Barberton Greenstone Belt 
(including the Mendon Formation) have been used to estimate the seawater temperature 
of the Archean ocean. Assuming that seawater at 3.298 Ga is δ18O = −0.92‰ (accounting 
for a lack of ice caps, Knauth and Lowe, 1978; Knauth and Lowe, 2003), using the 
highest δ18O value of the chert from their study (δ18O=21.8‰), Knauth and Lowe (1978) 
calculated an Archean seawater temperature of about 70°C. Similarly, a seawater 
temperature can be calculated independently using dolomite from this study that also 
precipitated from seawater. Also, assuming the same seawater δ18O, using the highest 
δ18O value for dolomite from this study (δ18O=20.6‰), and using δ18Odolomite-δ18Oseawater ≈ 
1000lnα = ((3.2 ×106)/T2) − 3.3 (Land, 1983), a seawater temperature of ~ 86°C is 
calculated. This temperature is in the same order as that calculated by Knauth and Lowe 
(1978; 2003) using cherts, but is slightly higher. The higher temperature predicted by the 
carbonate thermometer could be a result of dolomite being more susceptible to post-
depositional alteration and low-grade metamorphic effects, resulting in a lower δ18O 
value. 
 It should be noted that the very warm temperatures predicted by these mineral-
water geothermometers are based on the assumption that the δ18O of the Archean ocean is 
very similar to that of the modern ocean. However, recently, taking into account the 
higher Archean heat flux and a probable thicker oceanic crust, Kasting et al (2006) argues 
that the Archean ocean may have had a lower δ18O value than the modern ocean. If this is 
true, the mineral-water geothermometers would predict a lower Archean seawater 
temperature, more close to the modern value. 
4.7. Source of Altering Fluid  
 Several lines of evidence indicate that seawater was the altering fluid. The 
samples were in close proximity to seawater, indicated by quench textures, such as pillow 
structures and spinifex olivine. A few horizons in the alteration zone contain chert 
nodules that appear to have replaced sulfate nodules, based on textural evidence (Lowe 
and Byerly, 1986). Chemical and isotopic homogeneity of carbonates indicates rocks 
were in equilibrium with some body large enough to overshadow effects of bulk 
chemistry. 
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 Samples from this study are very similar isotopically to carbonates of similar 
composition and occurrence studied by Veizer and others (1989a, 1989b) (Fig. 17). The 
carbonates of this study plot within the range that Veizer and others called the “regional 
halo” suite, which they attributed to regional, low-temperature seawater alteration, 
similar to modern mid-ocean ridges. Samples from this study are also very similar 
isotopically to sedimentary cherts reported by Knauth and Lowe (1978) (Fig. 18). As 
silica has a similar fractionation with water to carbonate, this may also indicate seawater 
as the altering fluid (Freidman and O’Neil, 1977; Knauth and Lowe, 2003).  
 In this study, there was no evidence indicating that the carbonates do not represent 
original alteration products of komatiite and seawater. If it can be demonstrated that the 
δ18O of the Archean ocean was the same as that of the modern ocean at the same 
temperature, then it is reasonable to conclude that the carbonates of this study are 
unaffected by later alteration. In addition to oxygen isotopes, the carbon isotopes are very 
heavy, indicating that these carbonates precipitated abiotically.  
4.8. Modern Mid-Ocean Ridges as an Analogue for Hydrothermal Circulation 
During Komatiitic Alteration 
 Mid-ocean ridges may provide an analogous geologic setting for komatiitic 
alteration. The komatiitic alteration zones from this study are similar to basaltic alteration 
zones in modern mid-ocean ridges in that both the komatiites and basalts studied erupted 
into a submarine environment, developing flow-top alteration zones which contain a large 
volume of veins. It is likely that komatiitic alteration took place under circumstances 
similar to the alteration of basalts at modern mid-ocean ridges. The bulk elemental fluxes 
between seawater and modern basalts due to alteration are different from those between 
seawater and Archean komatiites, simply because the bulk composition of the ocean and 
the rock being altered are different in the two situations. However, it can be useful to 
examine the mechanics of fluid circulation through modern mid-ocean ridges in order to 
better understand circulation and alteration in komatiites. 
 Mid-ocean ridge basalts are altered through hydrothermal processes after 
deposition. Ocean water circulates through the new crust in a number of different 
regimes. During circulation pore spaces are filled by the precipitation of many minerals, 
including carbonate. This carbonate precipitates directly from the interaction of seawater 
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Figure 17. Carbon and oxygen isotopic values from Mendon carbonates in this study 
compared to carbonates reported by Veizer and others (1989a, 1989b). 
 




Figure 18. Mendon carbon and oxygen isotopic composition compared to that of selected 
Barberton cherts (Knauth and Lowe, 1978). 
 
Stoute 2007
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a net sink for oceanic carbon, sequestering ~2.5x1012 moles per year 
(Staudigel et al., 1989). Thus, the alteration of basalts has a profound effect on the 
modern carbon cycle. The alteration of komatiites may have affected the Archean carbon 
cycle in much the same way, through the dissolution of olivine and precipitation of 
carbonate. 
 During mid-ocean ridge volcanism, the crust is heavily fractured, with these 
fractures providing conduits for fluid flow throughout the basalt. Seawater infiltrates the 
fractures and is heated by the cooling basalt, then rises buoyantly to discharge through 
other fractures in the crust (Alt, 1999; Rosenberg, et al., 1993). The uppermost portion of 
the basalt is more heavily fractured; therefore, most of the circulation takes place in 
approximately the upper 100 m (Alt, 1999). The komatiites of the Mendon Formation 
have developed a similar pattern in which the upper portion of each member is heavily 
altered. 
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Chapter 5. Conclusions 
 
 Field and petrographic data from this study constrain the timing and sequence of 
alteration. The first event to take place was the eruption of the komatiitic lava. The 
cooling lava was subsequently serpentinized, then was silicified and carbonated, in which 
the serpentine and any remaining minerals original to the protolith (with the exception of 
chromite) are replaced with quartz, Cr-muscovite, dolomite, and a number of trace 
minerals. After carbonation and silicification took place, veins and stylolites formed in a 
complex history of expansion and compression of the altered rock. The final event before 
the eruption of the next komatiitic cycle is the emplacement of black chert dikes and the 
sedimentation of the overlying chert cap. Cross-cutting relations and the chemical and 
isotopic composition of the carbonates, indicate that the carbonates formed during near-
surface alteration of komatiitic lava shortly after deposition. 
 Several alteration fabrics developed. The type of fabric that developed was 
directly dependant on which zone of the komatiite lava flow was being altered. Random 
spinifex zones alter to a host rock with a brecciated fabric, oriented spinifex zones to a 
massive fabric, and cumulate zones to a zebraic fabric. The mineralogy of alteration is 
not dependant upon original igneous texture. Any zone of the komatiitic flow can be 
either silicified or carbonated. 
 While carbonates in the alteration zone vary in size and distribution, they are 
uniform in petrographic characteristics and major element and isotopic composition. All 
carbonates within the alteration zone are dolomite, with composition approximately 
Ca1.0Mg0.7Fe0.3(CO3)2. Both the host rock and the veins cutting the host contain dolomite. 
The dolomites in the veins are usually euhedral and can reach up to about 2 mm in 
diameter. Dolomites in the host rock occur in two different morphologies. They can be 
large and euhedral, or small and anhedral. The large euhedral dolomites are generally the 
same size as those found in veins, and the small anhedral carbonates range from 0.1 to 
about 0.01 mm. The dolomites in the host rock generally increase in size closer to veins. 
Neither vein nor host dolomites are zoned, nor do any exhibit compositional variation. 
 Bulk rock elemental fluxes have been estimated. Silicified units are enriched in 
SiO2, K2O, and BaO; and depleted in MgO and FeO. Carbonated units are enriched in 
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K2O, BaO, CaO, and MgO, depleted in SiO2, MgO, and FeO. Alteration occurred shortly 
after deposition, and the dolomite in the alteration zones is syndepositional. There is no 
evidence of later alteration nor isotopic resetting of the carbonates. The chemical and 
isotopic homogeneity of the dolomite indicates that it precipitated while in equilibrium 
with some large body, likely seawater. 
 The likely surface conditions of the Archean include a high concentration of 
carbonate in the ocean and carbon dioxide in the atmosphere and low free oxygen in the 
atmosphere and ocean. The Archean ocean is likely similar in isotopic composition to the 
modern ocean, but much warmer, up to 70°C. Al2O3, TiO2, Zr, Cr, Sc, and V are 
immobile during alteration, and the altering fluid was rich in SiO2, K2O, Ba2+, and CO2, 
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Hand Sample description: Fine random olivine spinifex obscured by coarser carbonate 
replacement. Carbonates are ~1-2 mm and sub- to euhedral. A small amount of pyrite is 
present. Chromites are euhedral and are largely disseminated in matrix, some are 
clustered in stylolites with tourmaline. There is more carbonate near the veins than in the 
matrix. 
Thin section description: Carbonate, quartz, and sericite, with trace amounts of primary 
igneous chromite (euhedral), rutile, and pyrite. Veins are predominately carbonate and 
quartz, with the vein carbonate as large euhedral crystals. Matrix carbonate crystals are 
smaller, but increase in size near veins. Some veins that are predominantly quartz are 
overprinted by large carbonates. Cr-muscovite, chromite, rutile, and pyrite are 
disseminated in the matrix. Cr-muscovite lines some of the carbonates, and is sometimes 









Hand Sample description: Silicified oriented olivine spinifex. Chromites are distributed evenly through sample, and their euhedral 
habit suggests that they are a primary igneous component. A vertical white quartz vein cuts the sample parallel to the spinifex. 
Thin section description: Spinifex is replaced by quartz and lined with Cr-muscovite. Smaller opaques are disseminated in the 















Hand Sample description: Major minerals are quartz and spinel. Very unusual texture, 
possible flow-top breccia. Small needlelike clasts are suspended in colorless or 
translucent green chert. Clasts look cloudy or feathery, are pale mint green. Some chain-
link spinifex is preserved in the clasts. Inside the clasts, mint green chert replaces the 
original igneous matrix, and spinifex olivine is replaced by colorless or green chert. 
There is a very small amount of euhedral pyrite. The slab is cut at an oblique angle to 
most spinifex. 
Thin section description: Mostly spinifex, no obvious stylolites, almost all quartz, some 











Hand Sample description: Carbonated random olivine spinifex. Spinifex is replaced by 
carbonate and sometimes lined with Cr-muscovite. Spinifex pseudomorphs are 
sometimes surrounded by matrix material that is less pure carbonate. Spinifex appears 
slightly deformed, but it is not apparent whether deformation is due to replacement by 
coarse carbonate or by stress. Stylolites are common, especially near veins, and spinels 
and tourmaline are concentrated in them. Bands of more pure carbonate parallel veins. 
Minor veins are mixed quartz and carbonate, with quartz appearing to precede carbonate. 
A larger quartz vein cross-cuts minor veins. 
Thin section description: Olivine spinifex is replaced with quartz and lined with 
carbonate. Carbonate is anhedral, but some crystals exhibit well-developed cleavage. 
Coarse carbonate nearly obliterates original igneous texture. Veins are present, consisting 
of coarser grained quartz and carbonate. Cr-muscovite lines edges of carbonate crystals. 













Hand Sample description: Carbonated oriented spinifex. Sample is cut by coarse 
carbonate veins that weather to iron oxides. Chromites are concentrated between the 
carbonate after olivine laths. 
Thin section description: Spinifex replaced by quartz and lined with carbonate. 













Hand Sample description: Silicified brecciated random olivine spinifex with chert nodules. Chromites are fairly evenly distributed, 
even included in chert nodules, some in green chert vein/matrix. Some clusters of opaque minerals do not appear to be chromites are 
present. Spinifex olivine is replaced by quartz, in a quartz matrix. 
Thin section description: Chert nodules appear to grow into veins of quartz and mica. Some clusters of tourmaline are present. Small 
magnetite crystals line spinifex pseudomorphs. Matrix is very nearly pure quartz. There is a very small amount of Cr-muscovite. 



















Hand Sample description: Silicified random olivine spinifex with amygdales. The 
matrix is replaced by quartz; spinifex is also replaced by quartz, but outlined in 
magnetite. Matrix appears to be finer, chain-link spinifex, or smaller amygdales, but lined 
with a lighter material. Veins are translucent green quartz, few are partially fibrous. 
Amygdales contain geopedal chromites and appear to be filled with the same material as 
veins. Many are rimmed with a lighter quartz and may represent multiple generations of 
fill. Chromites are evenly distributed, except where concentrated in amygdales. Pyrites 
are almost as abundant as chromites, but smaller. 
Thin section description: Silicified random spinifex with chromite in amygdales, cut by 
several quartz veins. A small amount of pyrite and hematite are present. Cr-muscovite is 
disseminated in the matrix. The amygdales are filled with quartz and the bottoms are 
lined with chromites, providing excellent geopedal indicators. The amygdales are filled 
with pure quartz and chromite, constituting the same material as the quartz veins. There 
appears to be multiple generations of amygdales with down directions varying by perhaps 
a few tenths of a degree. There are also multiple generations of fill in the amygdales. 
Some of the amygdales may have been destroyed by alteration. Spinifex is replaced by 
fine-grained dirty quartz and surrounded by the matrix, which is replaced by grey to 














Hand Sample description: Heavily carbonated, but coarse carbonate crystals have 
obliterated original igneous texture. It is not possible to determine if it is olivine or 
pyroxene spinifex. Chromites are distributed fairly evenly through matrix, which is cut by 
large carbonate veins. Some hematite and goethite is present. Hematite lines possible 
stylolites. A small amount of tourmaline is present, but not in the possible stylolites. 
Thin section description: Quartz, carbonate, and chromites make up the bulk of the 
sample. Quartz is found in the fine-grained matrix, chromites are disseminated 
throughout the quartz, and carbonate is found in the matrix and in veins. Grain size 
increases near the veins. Carbonate “fingers” seem to originate from the veins and 
surround clusters of quartz, with little to no communication between clusters. There is a 
small amount of Cr-muscovite lining the edges of carbonate grains. Carbonate is full of 
inclusions, some inclusions are chromite, but most are fluid. They are inclusions, not 
surface pits, as they can not be seen in reflected light and display Brownian motion. 











Hand Sample description: Carbonated oriented olivine spinifex. Spinifex replaces with 
carbonate, lined with quartz. Chromites are evenly distributed. A vein cuts the sample, 
oriented carbonated spinifex is on one side, but the other side is severely deformed. The 
spinifex is deformed; the sample is brecciated, with rotated clasts of host rock. The 
deformed section seems more silicified, with lenses of more silicified material and lenses 
of carbonated material. The cross-cutting vein is broken, with a piece rotated. The 
deformed section is heavily weathered. Some tourmaline is found in the oriented spinifex 
zone, but more is concentrated in the deformed zone and near the vein. It appears to have 
been concentrated by the growth of coarse carbonate clusters, similar to stylolitization.  
Thin section description: Carbonated oriented spinifex. Spinifex is replaced by quartz 
and lined by carbonate. Carbonate is euhedral to subhedral and untwinned. There are a 


















Hand Sample description: Similar to SA 614-4, another silicified olivine spinifex with 
an unusual texture. Quartz veins are translucent grey. Olivine spinifex is replaced with 
quartz and lined with a lighter material. Chromites are evenly distributed. Hematite and 
goethite line veins. Slab is cut oblique to spinifex. 
Thin section description: Spinifex is replaced by fine quartz and Cr-muscovite. Matrix 
is made up of quartz, and overprints quartz pseudomorphs after spinifex. Chromites are 
small and euhedral, but not as common as in other samples. There is a trace amount of 











Hand Sample description: Brecciated olivine spinifex. Clasts are silicified, with quartz 
veins between then. Some of the quartz veins are cut by carbonate veins. Where cut by 
carbonate, the spinifex is deformed. Spinifex is replaced by quartz in a quartz matrix, and 
outlined with a lighter colored quartz. Some clasts are rotated. The deformed spinifex is 
replaced by darker colored quartz and the matrix is replaced with green quartz. Inside the 
carbonate veins, the carbonate crystals are coarse, and hematite is abundant. Some 
tourmaline is present, especially near veins. 
Thin section description: Dolomite exhibits well-developed cleavage. The silicified 
portion is almost pure quartz with chromites concentrated in stylolites. Cr-muscovite is 
more common in the zone with abundant stylolites. The carbonate vein has huge 













Hand Sample description: Banded ferruginous chert at base, lapilli ash near top, topped 
by finer laminated ash. The banded ferruginous chert contains bands of iron oxide, lapilli 
ash, and black chert. Lighter bands within this chert are lapilli ash. A vertical vein cuts 
through two ash layers, then is truncated by the third. The lapilli ash overlying the banded 
chert is coarser than the lower ash layers, and is then topped by a layer of fine ash, which 













Hand Sample description: Carbonated olivine spinifex. Original texture is nearly obliterated by coarse carbonate replacement. 
Chromites are euhedral and evenly distributed. There is a small amount of pyrite present. The distribution of Cr-muscovite is uneven, 
there are patches where it is more concentrated. It is not evident what it was originally pseudomorphing, though. The sample is cut by 
several veins. They are almost perpendicular to each other. Veins are white carbonate with colorless chert centers and are heavily 
stained with hematite. What little preservation of original texture there is, occurs near these veins. Small clasts of spinifex. 
Thin section description: Large eu- to subhedral dolomites in fine-grained quartz. Cr-muscovites are present between dolomites and 
quartz (possibly in stylolites). Dolomites may have growth rims, and overgrow each other, edges touching, with possible stylolites 











   
 
Hand Sample description: Carbonated olivine cumulate. Coarse carbonate obliterates 
most of original igneous texture, but near veins is a little more silicified, and serpentine 
pseudomorphs after olivine replaced by quartz are present. Sample is cut by carbonate 
veins. 
Thin section description: Spinifex replaced by both quartz and carbonate. A cross-
cutting quartz vein contains pockets of isolated dolomite grains. Near the vein there are 
large euhedral dolomites in a fine-grained quartz matrix. Farther from the vein, grain size 



























               
Temperature (°C) SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 FeO MnO MgO NiO CoO CaO Na2O K2O P2O5 
                             
1555 50.72 0.44 3.94 1.67 0.2 11.91 0.2 26.39 0.13 0 3.95 0.4 0.01 0.03 
1535 51.24 0.46 4.16 1.72 0.22 12.22 0.2 25.04 0.12 0 4.16 0.42 0.01 0.03 
1515 51.76 0.49 4.37 1.76 0.23 12.5 0.2 23.72 0.11 0 4.37 0.44 0.01 0.04 
1495 52.29 0.51 4.59 1.8 0.24 12.76 0.2 22.43 0.1 0 4.58 0.46 0.01 0.04 
1475 52.82 0.54 4.8 1.83 0.25 12.98 0.2 21.17 0.09 0 4.79 0.48 0.01 0.04 
1455 52.64 0.58 5.12 1.91 0.27 13.51 0.22 19.98 0.09 0 5.12 0.52 0.01 0.04 
1435 52.24 0.62 5.49 2 0.29 14.14 0.23 18.75 0.1 0 5.52 0.56 0.02 0.05 
1415 51.86 0.67 5.85 2.09 0.31 14.72 0.25 17.58 0.11 0 5.9 0.61 0.02 0.05 
1395 51.5 0.71 6.19 2.17 0.33 15.25 0.27 16.47 0.11 0 6.27 0.65 0.02 0.05 
1375 51.17 0.76 6.53 2.25 0.35 15.73 0.29 15.42 0.12 0 6.63 0.69 0.02 0.06 
1355 50.85 0.8 6.85 2.33 0.37 16.17 0.3 14.42 0.13 0 6.98 0.73 0.02 0.06 
1335 50.6 0.84 7.17 2.4 0.34 16.56 0.32 13.46 0.14 0 7.32 0.77 0.02 0.06 
1315 50.38 0.89 7.48 2.47 0.31 16.91 0.34 12.53 0.14 0 7.66 0.81 0.02 0.07 
1295 50.16 0.93 7.78 2.54 0.27 17.23 0.35 11.65 0.15 0 8 0.85 0.02 0.07 
1275 49.97 0.97 8.08 2.61 0.24 17.5 0.37 10.81 0.16 0 8.32 0.88 0.02 0.07 
1255 49.78 1.01 8.38 2.68 0.21 17.74 0.39 9.99 0.16 0 8.64 0.92 0.03 0.08 
1235 49.61 1.05 8.68 2.74 0.18 17.94 0.4 9.21 0.17 0 8.95 0.96 0.03 0.08 
1215 49.45 1.09 8.97 2.81 0.16 18.1 0.42 8.46 0.18 0 9.25 1 0.03 0.08 
1195 49.31 1.14 9.31 2.87 0.13 18.2 0.44 7.7 0.19 0 9.55 1.05 0.03 0.09 
1175 49.19 1.2 9.68 2.93 0.1 18.26 0.46 6.9 0.2 0 9.85 1.11 0.03 0.09 
1155 49.08 1.27 10.09 2.99 0.08 18.31 0.49 6.08 0.21 0 10.1 1.17 0.03 0.1 
1135 48.94 1.41 10.04 3.12 0.06 19.02 0.55 5.17 0.23 0 10.1 1.22 0.04 0.11 




Single Mineral Carbonate Data 
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  SA 614-5 
              
CaO 28.83 28.82 28.74 28.46 28.92 27.88 28.56 28.55 28.05 28.74 27.62 27.72 
MgO 14.61 13.96 13.31 14.14 14.45 13.94 14.46 11.55 13.62 13.72 15.38 14.52 
FeO 8.30 9.09 8.51 8.14 8.21 9.42 8.71 14.31 10.90 9.84 10.09 9.61 









CO2 * 46.65 46.45 47.47 47.55 46.56 47.33 46.63 44.51 46.02 46.11 45.27 46.79 
              
Ca 0.49 0.49 0.49 0.48 0.49 0.47 0.49 0.50 0.48 0.49 0.48 0.47 
Mg 0.35 0.33 0.31 0.33 0.34 0.33 0.34 0.28 0.33 0.33 0.37 0.34 
Fe 0.11 0.12 0.11 0.11 0.11 0.13 0.12 0.20 0.15 0.13 0.14 0.13 









Total 0.95 0.95 0.92 0.92 0.95 0.93 0.95 0.98 0.96 0.96 0.98 0.95 
              
              
              
  SA 614-5 con't 
              
CaO 30.41 27.72 31.75 28.15 30.08 30.99 28.28 30.49 28.15 30.53 27.93 28.70 
MgO 14.95 14.57 14.98 15.13 14.71 15.26 15.23 13.51 12.81 14.38 13.55 14.28 
FeO 9.19 10.99 9.23 9.76 8.61 8.49 8.04 11.76 11.13 9.10 10.00 8.67 









CO2 * 44.21 45.18 42.55 45.33 44.96 43.64 46.83 42.87 46.59 44.42 46.73 46.58 
              
Ca 0.53 0.48 0.56 0.49 0.52 0.54 0.48 0.54 0.48 0.53 0.48 0.49 
Mg 0.36 0.35 0.37 0.36 0.35 0.37 0.36 0.33 0.31 0.35 0.32 0.34 
Fe 0.13 0.15 0.13 0.13 0.12 0.12 0.11 0.16 0.15 0.12 0.13 0.12 









Total 1.02 0.98 1.06 0.98 0.99 1.03 0.95 1.04 0.94 1.01 0.94 0.95 
              
 * CO2 wt% determined by difference, assuming a total of 100%      
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  SA 614-6     
              
CaO 29.68 30.01 29.80 28.70 29.66 29.42 28.95 29.71     
MgO 12.76 13.60 14.73 13.73 13.32 13.35 14.61 13.88     
FeO 10.28 8.86 9.75 9.70 9.60 11.25 9.48 9.73     









CO2 * 45.69 46.24 44.34 46.33 45.93 44.57 45.48 45.23     
              
Ca 0.51 0.52 0.52 0.49 0.51 0.51 0.50 0.52     
Mg 0.31 0.33 0.36 0.33 0.32 0.33 0.35 0.33     
Fe 0.14 0.12 0.13 0.13 0.13 0.15 0.13 0.13     









Total 0.96 0.96 1.01 0.95 0.96 0.99 0.98 0.98     
              
              
              
              
              
  SA 614-6 con't     
              
CaO 28.77 29.07 28.16 27.75 28.36 28.85 28.45 29.11     
MgO 14.35 13.05 13.81 13.54 13.80 13.79 14.09 13.49     
FeO 8.70 10.15 10.09 11.25 10.42 9.63 11.12 9.80     









CO2 * 46.53 46.30 46.56 46.18 45.89 46.23 44.76 46.24     
              
Ca 0.49 0.50 0.48 0.48 0.49 0.50 0.50 0.50     
Mg 0.34 0.31 0.33 0.32 0.33 0.33 0.34 0.32     
Fe 0.12 0.14 0.14 0.15 0.14 0.13 0.15 0.13     









Total 0.95 0.95 0.95 0.95 0.96 0.95 0.99 0.95     
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  SA 614-9   
              
CaO 28.72 29.06 29.00 28.62 27.76 29.87 29.06 28.80 28.02 29.02   
MgO 13.93 14.38 14.12 13.61 13.56 13.48 13.83 15.40 14.25 13.97   
FeO 10.21 9.27 9.45 9.61 9.65 9.18 9.30 7.80 8.40 8.90   









CO2 * 45.76 46.01 46.24 46.91 47.67 46.28 46.44 46.89 48.06 46.88   
              
Ca 0.50 0.50 0.50 0.49 0.47 0.51 0.50 0.49 0.47 0.50   
Mg 0.33 0.34 0.34 0.32 0.32 0.32 0.33 0.36 0.33 0.33   
Fe 0.14 0.12 0.13 0.13 0.13 0.12 0.12 0.10 0.11 0.12   









Total 0.99 0.99 0.98 0.96 0.94 0.97 0.97 0.97 0.93 0.96   
              
              
              
              
              
  SA 614-11     
              
CaO 28.76 29.12 29.46 28.77 28.23 28.72 28.82 28.53     
MgO 14.40 14.15 14.17 12.84 13.58 12.82 13.16 14.11     
FeO 9.01 9.10 8.94 9.44 9.84 10.69 10.22 9.30     









CO2 * 46.47 46.61 46.31 46.85 46.76 46.36 46.49 46.83     
              
Ca 0.49 0.50 0.50 0.49 0.48 0.49 0.50 0.49     
Mg 0.34 0.34 0.34 0.31 0.32 0.31 0.31 0.34     
Fe 0.12 0.12 0.12 0.13 0.13 0.14 0.14 0.12     









Total 0.97 0.97 0.98 0.95 0.96 0.96 0.96 0.96     
              
109 
  SA 614-13    
              
CaO 28.73 28.39 28.34 28.32 28.46 27.23 28.76 28.71 28.53    
MgO 12.98 12.82 14.13 15.35 15.54 14.10 14.39 15.20 15.70    
FeO 11.10 10.93 9.09 7.09 6.57 9.45 9.21 7.07 6.11    









CO2 * 45.78 46.47 46.87 47.12 47.18 48.08 46.14 47.21 47.62    
              
Ca 0.50 0.49 0.48 0.48 0.48 0.46 0.49 0.49 0.48    
Mg 0.31 0.31 0.34 0.36 0.37 0.33 0.34 0.36 0.37    
Fe 0.15 0.15 0.12 0.09 0.09 0.12 0.12 0.09 0.08    









Total 0.98 0.96 0.96 0.96 0.96 0.93 0.98 0.96 0.96    
              
              
              
              
              
  SA 614-15  
              
CaO 28.75 28.49 27.73 29.06 28.00 28.44 28.71 28.09 28.72 28.41 27.92  
MgO 14.12 14.35 14.21 14.48 14.98 14.03 14.48 14.45 14.60 14.22 13.76  
FeO 9.20 9.03 10.01 8.64 9.19 9.48 8.54 9.69 9.07 9.49 10.54  









CO2 * 46.38 46.75 46.57 46.21 46.58 46.48 46.88 46.34 46.09 46.38 46.29  
              
Ca 0.49 0.49 0.47 0.50 0.48 0.49 0.49 0.48 0.49 0.49 0.48  
Mg 0.34 0.34 0.34 0.35 0.36 0.33 0.34 0.34 0.35 0.34 0.33  
Fe 0.12 0.12 0.13 0.12 0.12 0.13 0.11 0.13 0.12 0.13 0.14  









Total 0.97 0.97 0.97 0.98 0.97 0.97 0.96 0.98 0.98 0.97 0.97  
              
110 
  SA 614-16   
              
CaO 27.68 27.71 27.80 29.27 28.25 28.21 28.08 28.61 28.27 28.29   
MgO 14.17 13.80 14.13 14.30 13.32 14.57 13.67 14.19 13.52 14.46   
FeO 10.40 10.10 9.65 9.00 10.56 8.62 9.76 9.06 10.19 9.29   









CO2 * 46.33 46.98 47.08 46.21 46.78 47.49 47.26 46.98 46.07 46.62   
              
Ca 0.48 0.47 0.47 0.50 0.48 0.48 0.48 0.49 0.49 0.48   
Mg 0.34 0.33 0.34 0.34 0.32 0.34 0.32 0.34 0.32 0.34   
Fe 0.14 0.13 0.13 0.12 0.14 0.11 0.13 0.12 0.14 0.12   









Total 0.97 0.95 0.96 0.98 0.96 0.95 0.95 0.96 0.98 0.97   
              
              
              
              
              
  SA 73-1     
              
CaO 21.77 27.51 26.58 26.88 27.60 27.23 27.22 27.55     
MgO 22.90 19.37 20.45 20.31 19.31 19.27 19.38 19.38     
FeO 3.70 1.97 2.13 2.11 2.07 2.03 1.96 1.82     









CO2 * 50.92 50.50 50.30 50.03 50.33 50.75 50.86 50.66     
              
Ca 0.35 0.45 0.43 0.44 0.45 0.44 0.44 0.45     
Mg 0.51 0.44 0.46 0.46 0.44 0.43 0.44 0.44     
Fe 0.05 0.02 0.03 0.03 0.03 0.03 0.02 0.02     









Total 0.92 0.92 0.92 0.93 0.92 0.91 0.91 0.91     
              
111 
  SA 105-2     
              
CaO 0.15 0.18 0.22 0.24 0.28 0.14 0.30 0.20     
MgO 40.21 39.21 40.14 38.97 40.05 40.76 39.15 39.25     
FeO 8.64 8.78 8.86 9.09 9.01 9.29 9.66 9.00     









CO2 * 50.95 51.73 50.67 51.44 50.48 49.76 50.37 51.47     
              
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00     
Mg 0.87 0.85 0.87 0.84 0.87 0.89 0.86 0.85     
Fe 0.10 0.11 0.11 0.11 0.11 0.11 0.12 0.11     









Total 0.98 0.96 0.98 0.96 0.99 1.01 0.98 0.96     
              
              
              
              
              
              
              
              
              
              
              
              
              
              




 Judith Ellen Fridge Stoute was born in Baton Rouge, Louisiana. She began her 
long residence in secondary education at McNeese State University studying music. After 
two years, she transferred to Louisiana State University, where she discovered geology. 
While studying geology at Louisiana State University, she was employed by Arnold 
Bouma to work on compiling over twenty years of data from the Tanqua Karoo, subbasin 
in South Africa. Under Dr. Bouma, she completed an undergraduate research project. The 
findings of this project were published in the 2003 transactions of the Gulf Coast 
Association of Geological Societies and were presented at the annual meeting that year. 
In 2004, she completed her bachelor of science in geology at Louisiana State University. 
During her last year as an undergraduate, she enrolled in the Accelerated Master’s 
Program and began earning her master of science degree in geology. Fascinated with 
planetary geology, she chose to study with Gary Byerly, working on a project related to 
early Earth evolution. Judi currently resides near Baton Rouge, Louisiana where she is 
employed as a geologist for Conestoga-Rovers & Associates. 
 
